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PREFACE
The report describes research completed in the first year of a contract
(DOE Contract PECD 7/7/170), entitled Total Impact of Pollutants in Rive r
Basins , between the Department of the Environment and the Natural
Environment Research Council (NERC). The research has been carried out at
the Institute of Hydrology (IH), a component body of NERC.
OBJECTIVE
Schedule 1 - Pro ramme of Research
PROGRAKME OF WO RK TO BE CARRIED OUT BY THE CONTRACTOR IN THE FIRST YEAR
1. The work ,will comprise essentially a feasibility study with a
Literature review of:
a) integrated catchment hyd rology and water quality models , and
b) agrochemicals , their use , chemistry and synergistic effects .
2. The contractor will carry out some preliminary development of
integrated hydrological and water quality models to represent short term
and long term catchment behaviour. Preliminary validation of mode ls will
be completed using catchment data available at the Institute of Hydrology .
3. The contractor will assess the feasibility of predicting the movement
and d istribution of agrochemicals in a catchment, and their effects on
river basin water quality .
4. A brief progress report will be required in Novem ber 1985 and a final
report at the end of the contract.
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•SUMMARY AND CONCLUSIONS
The overall objective of the study is to assess the sensitivity of
river basin§ to all influences such as diffuse and discrete sources of
pollutants and land  use  change. Needless to say this is an extremely wide
brief and the first yea r of the research is designed to assess the
feasibility of developing catchment hydrochemical models which can be used
for such impact analysis.
Fo rtunately IN has already considerable exp erience developing
hydrochemical models and we have undertaken research developing river basin
models to investigate pollutants such as nitrates*, organic matter, heavy
metals , and most recently the effects of acid deposition on catchment water
quality . These models will be used to investigate the sensitivity of
catchments and will be used as the basis of our feasibility study on the
problems of modelling agrochemicals.
A major problem in developing water quality models is to adequately
describe the non-conservative nature of pollutants. There are very few , if
any , pollu tants that do not undergo change on entering the environment.
The extent of the interactions between pollutants and physica l, chemical
and b iological behaviour is extreme ly varible and it is  important to  bear
this in mind in any impact assessment or modelling study. In this report
we consider the problems of modelling nitrates , heavy metals , acidic
deposition and pesticides and each of these requires different approaches
to ensure that the dominant mechanisms controlling behaviour are
incorporated . They also all vary in the extent to which pollutants are
derived from point and diffuse sou rces and this is another important
consideration. A brief review of the research and conclusions for each
area is given here together with relelvant conclusions. Details of each
componen t study is presented in the following report sections .
A Water alit Model for the Thames River Basin
The Thames river basin provides the ideal test bed for a model since
it contains a wide range of point sources of pollution as well as receiving
pollu tants from diffuse sources. An extensive water quality model for the
river basin has been developed with the model accounting for tributaries ,
groun dwater, surface runoff , effluents and abstractions . The model
predicts wa ter quality (ammonia, nitrate , dissolved oxygen, biochemical
oxygen demand , any conservative pollutant) on a daily basis at 26 key sites
along the Thames.
The model has been used to investigate future nitrate concentrations
in the Thames and has been run using 56 years of hyd rological data to
reproduce river flows and nitrate concentrations at Farmoor and Datchet
which are abstraction sites providing d rinking water for Oxford and London
respective ly. The model was run assuming two sets of conditions:
(a) 1982 agricultural land use , fertiliser application rates , population
levels and water demands ;
(b) 2006 agricultural land use , fertiliser application rates, population
levels and water demands.
The 1982 conditions were based on published land use information and
fertiliser surveys and inputs from the sewage treatment plants we re based
on historical population and per capita consumption data. Forecasts for
the 2006 conditions were made from trends in the historical data and
estimates of population growth.
The results from the model runs under the two sets of conditions are
summa rised in Tables 1 and 2, which show the number of years the WHO limit
of 11.3 mg/R would be exceeded at the two abstraction sites considered. It
is clear that at both abstraction sites there will be a marked increase in
the number of years that 11.3 mg// would be exceeded if nothing were to be
done to control the nitrate problem. It is interesting to note that
although the number of years with exceedance is grea ter at Farmoor than
Datchet in 1982, in 2006 the num bers of years of exceedance is similar , at
the two sites. This may be because the nitrate load on the river
downstream of Farmoor has been increased more than upstream by a larger
population increase or increased fertiliser applications. Another possible
explanation is that a uniform increase in nitrate load over the river has
taken place but the natural denitrification processes are no longer able to
remove nitrate at a sufficient rate to prevent its accumulation downstream.
The mode l also provides informa tion on the relative effects of diffuse
pollution. During autumn storm and winter high flow conditions the nitrate
diffuse sources such as agricultural runoff completely dominated the point
source pollution. The situation is altered during low flow cond itions when
4
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Duration of exceedance
Total no. years in
which exceedance
Duration of exceedance
Simulated Nitrate Concentrations for
56-year Hydrological Sanple
TABLE I
 ORFORD  I NTAKE  ON  RIVER  THAMES
No. years 11.3 mg Na exceeded
(October - September)
1982 land use, 2006 land use,
population and population and
demand demand
1-15 days 7 10
16-30 days 3 6
31-45 days 2 2
46-60 days 0 1
61-75 days 0 3
76-90 days 0 0
) 90 days 0 0
as annual average 0
 0
TABLE 2 LONDON INTAKE ON RIVER THAMES
--
12 22
No. years 11.3 mg N/1. exceeded
(October - September)
1982 land use, 2006 land use,
population and population and
demand demand
1-15 days 5 8
16-30 days 2 9
31-45 days 0 2
46-60 days 0 1
61-75 days 0 0
76-90 days 0 0
) 90 days 0 0
as annual average 0 0
—_
Total no. years in 7 20
which exceedance
the point sources are significant. Howeve r, the effects of these are
considerably reduced by instream denitrification during warm summer
conditions.
Other Applications of the Institute of H drolog Quality Model (IHQM)
The multi-reach, multi-tributary dynamic flow and quality model has
been set up to provide an on-line impact assessment for the Bedford Ouse
system. The mode l is used to forecast flow and water quality along the
entire 250 kms of the Bedford Ouse and has recently been extended to
include the River Ivel, Ouzel, Wissey and Flit. The mode l has been used to
investigate point source pollution from e ffluent discharges and used to
protect water abstractions.
Th e Thames model is also being set up in a similar manner for Thames
Water Authority to provide an on-line operational management tool.
Also, a technique for the identification of pollutant sources has
been deve loped. This utilises informa tion on stream ve locity and
dispe rsion characteristics and the shape of the concentration curve at a
downstream site to determine the location of the pollution. The technique
has been applied to experiments on the Bedford Ouse .
Heavy Metal Mode llin Studies
Using an extensive data base obtained for the River Tawe in South
Wales , a comp rehensive catchment model has been developed for flow ,
suspended sed iments and heavy metals (lead , zinc, nickel, iron, cadmium ,
manganese and copper). The model predicts daily flows and concentrations
of wa ter quality variables at a number of sites and can provide information
on the percentile distribution of heavy metals in the river. The model
accounts for industrial and natural sources of heavy metals and the
interactions  between metals in  the sediments  and the  water  co lumn.
Acid ification Studies
A particu larly d ifficult problem in assessing the impact of pollutants
on catchments is the effect of atmospheric pollution. It is only in recent
years that the effect of acid ic oxides on catchment water quality has
(41
(.0
41 Pesticide and other agrochemicals present another extremely difficult
area for mode lling and total impact studies . Agrochemicals are being
41
widely used to control pests and weeds and improve crop yields . Relatively
little is known about their movement in river systems and many factors
41 influence the behaviour and fate of agrochemi cals after contact with the
ID
soil, inc luding adsorption, leaching , volatilization , erosion , microbial
degradation, chemica l degradation and hydrolysis. All of the above are in
part dependent on ,soil characteristics as we ll as the chemical
110 characteristics of the pesticide. Moreover soil erosion in agricultural
areas is a major process contributing pesticides to the aquatic
environment. Other sources, however, include industrial and sewage
effluent and accidental spillages. All of these factors and sources need
40 to be taken into consideration in any general study of pes ticides in
catchments, and in any modelling exercise .
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become noticeable. Part of the research programme at IH has been to
investigate acidification processes occurring in catchments and develop
models for predictive purposes. These models have been applied to
sensitive upland catchments in Scotland and are now available to assess the
sensitivity of catchments to acidic deposition and land use change.
Pesticides
More specifically with regard to pesticides in rivers , the present
E .E .C . drink ing water standards appear vague and open to disregard since a
global standa rd of 0.5 ug/1 for the total pesticides present takes no
41 account of the toxic nature of individual compounds .
41, Recent studies both in Australia and No rth America, meanwhile, seem to
indicate that the actual losses of pesticide rarely exceed 5% of the total,
ID applied , and as such are not alarming . Howeve r, what is of concern is the
nature of the individual pesticide concentrations reaching rivers and their
poss ible toxic effects on aquatic fauna. Clearly , storms following recent
applications of pesticides represent the main period of concern since the
changeover to less persistent pesticides.
10
The present water authority perspective on the possible pollution
prob lems represented by pesticides varies. Thames W .A. experience
11
-apparent- problems with the herbicides atrazine and simazine in relation
11 to the leve ls present in supp ly waters . Yorkshire W .A ., however,
1
experience more urgent problems based on the indu strial discharges of
lindane in particular , from textiles manufacturers , wh ile Anglian W.A. have
some evidence of elevated atrazine levels , probably due to indiscriminate
urban usage.
Finally , with regard to the possibility of modelling pesticide
movement within catchments, work , in the U .S. and at IA suggests its
feasibility. All such models require hydrology and chem ical components, if
they are to successfully mode l pesticide losses. Data inputs to them also
requ ire in many instances, detailed field observations and it is intended
du ring the next phase of the project to establish catchme nt studies in
collaboraton with wa ter authorities and provide an adequate data base for
modelling purposes.
Conclusions
There is now considerable experience at IH in deve loping water quality
models for river basins . Models have been developed for major lowland
river basins and small sensitive upland catchments. The models have been
applied for both point and non-point source pollution and have been used to
assess the impact of these po llutants on river water quality . The
feasibility of developing models for total impact assessment of pollutants
has been adequately demonstrated and future work should build on the
current expertise , pay ing particular attention to pollutants likely to be a
problem in the future , such as agrochemica ls.
I .
f: •
SECTION 1 - MODELLING A LARGE RIVER BASIN - THE RIVER THAMES S
TUDY
. INTRODUCTION AND OVERVIEW
The Institute of Hyd rology has developed an extensive suite of
modelling techniques for predicting the impact of pollutants on the River
Thames. These include detailed short-term forecasting models for real-time
operational use and simulation models for predicting long term trends in
water quality .
The ma in river flow and quality model is described in section 2 and
section 3 describes how tributary quality can be forecast. Section 4
describes the forecasting model with wh ich accidental pollution or changes
in effluent discharge levels can be rapidly assessed . Section 5 describes
the application of the mode l to the nitrates problem and provides
predictions on long term trends in nitrate behaviour .
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2. FLOW AND QUAL ITY MODELLING OF THE MAIN STEN RIVER
2.1 Introduction
The main stem model has been developed to integrate upstream
inputs and provide information on flow and quality at key locations
along the river. The principal future uses of the model are:-
(a) to provide detailed off-line simulations of the optimal
resource strategies so that adverse effects and constraint
violations can be thoroughly investigated;
(b) to provide real-time forecasts of flow and quality behaviour
so that short term effects of management actions can be
determined .
In order to satisfy these ob iectives, an interactive multi-reach
model has been developed for the River Thames such that the effects of
changing abstraction or effluent pumping rates or effluent quality can
be explored rapidly. A sophisticated plotting package has also been
developed so that the effects of changes on flow and quality can be
presented graphically to model users.
2.2 Tbe  Flow Model
The first stage of model development has been to divide the main
stem into a series of reaches as indicated in Figure 2.1 and shown in
Table 2.1. The reaches are selected on the basis of the location of
41 tributaries, effluents, abstractions and weirs, since these all affect
410 the mass balance and hence the quality of the river water. Table 2.1
gives information on the reach characteristics. Considerable
41 experience gained in previous modelling studies (Whitehead et.al.,
• 1979, 1981, 1982, 1984) has shown that such a reach structure is
41 particularly suitable for modelling major rivers such as the Thames.
41
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In order to model water quality it is necessary to first simulate
streamflow in all the reaches of the river shown in Figure 2.1. In
the Thames streamflow model each reach is characterised by a number of
cells and the model for flow variations in each cell is based on an
analogy with the lumped parameter equations for the variations in
concentration of a conservative pollutant under the assumption of
uniform mixing over the cell (Wh itehead et al, 1979). The model may
be viewed in hydrological flow routing terms as one in which the
relationship between inflow I, outflow , Q, and storage, S, in each
cell is represented by the continuity equation :
with
dS
= I - Q
S =  Q
where T is a travel time parameter . In order to represen t the
variation in travel time with flow ; T is expressed as
T(Q)
(2.1)
(2.2)
where N is the number of compartments in the reach , L is the reach
length and U, the mean flow velocity in the reach, is related to
discharge through
U - a Q131  (2.3)
where  Qm is the mean flow in the reach and where a and b are
coefficients to be estimated.
The value of N affects the relative importance of floodwave
advection and dispersion in a reach ; values of N, a and b can be
determined by calibration on an observed reco rd of downstream flow or
from tracer experiments (see Whitehead et al, 1984).
•
•
•
•
•
•
•
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Given information on upstream and tributary inputs, the flow routing model
can be used to derive simulations of downstream flow by solving the
different$a/ equation  (2.1). The equation is solved using a  numerical
integration technique which contains an automatic adjustment to the integration
step length. This is particularly useful since under periods of low flow and
high residence times, the integration step length  can  be increased thereby
saving computer time. Under high flow conditions, however, residence times are
reduced and in order to solve the  equation  to the  same  accuracy, it is
necessary to reduce the integration step length. Since this is achieved
automatically , there are relatively few numerical integration problems . Figure
2.2 shows simulated flow compared to observations for the years 1974, 75 and
76; 94% of the variance is explained and the model provides a sound basis for
subsequent water quality  studies.
2.3 Modellin  Water Qualit
The water quality models for the River Thames are based on  a  mass balance
principle but include  factors to allow  for the non—conservative nature of water
quality variables. For example dissolved oxygen in the river is  a  balance
between the various sources  and  sinks of oxygen. On the one hand there is
oxygen supplied by the reaeration from the atmosphere and photosynthetic oxygen
produced by plants and algae and, on the other hand , oxygen is being consumed
by respiration processes and  the removal  of oxygen  during  nitrification of
ammonia or breakdown of organic material  and  effluents. The basic mass balance
equations required to simulate water quality behaviour are  as follows:
Chloride or an conservative determinand
Nitrate
dx1(t) u1(t) xl(c)
Tr a  - TM -  4-
dx2(t) u2(t) x2(t)
(t)
(t) + S2(t)dt  = Tr i ) 7 7 7  — k1 x2 (2.5)
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k 2 (vo (t) ) x3(t) + S3(t)
Dissolved Oxygen (DO)
dx4(t)
u4 x4(t) 1- 4.33 k2 (00(t) ) x 3(t) - k3 x 5(t)
-
t(t)
-TTET  
+ k4 (C5 (t) - x4(0 ) + S4(t) (2.7)
Biochemocal Ox en Demand (BOD)
dx5(t) u5 x5(t)
t(t) - T r e y  - k3 x5(t) + S5 (t)at
Ic
1
0.05 10 0.0293 0
(2.6)
(2.8)
where x refers to the downstream (reach output) concentration mg R- 1;
u refers to the upstream (reach inpu t) concentration mg 1- 1;
Q is the flow rate (determined from the flow mode l);
T is the reach residence time (varying as a function of flow)
S refers to the additional sources and sinks affecting water quality
such as the net rate of addition of r o in the reach by
photosynthetic/respiration activity of plants or inputs via
tributaries and effluents
Cs is the saturation concentration of disso lved oxygen, and kl, k2 , k 3
and 1<4 a re the rate coefficients of the various reactions .
The rate coefficients are not constants but generally vary as a function
o f temperature or other variables such as depth . For example, the
denitrication rate kl is
(2.9)
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The flow and quality models have been set up initially in an interactive
conversational mode on a mini computer , the DEC EP P 11/23. The programs have
•
been written in FORTRAN IV under the DEC RT-11 operating system . Some
system-dependent software has been written in MACRO II assembler where FORTRAN
1 0
would have been impractical. Extensive use of graphic facilities are made so
• that the effects of system changes on flow and water quality can be rapidly
;4 1 assessed. A detailed users ' guide for the Thames River Management Modelling
System is given in Appendix II.
•
•
i.
•
where d is river depth in metres and e is water temperature in ° C. A typical
simulation of nitrate concentrations in the Thames is given in Figure 2.3.
The equations (2.7) and (2.8) for DO and BOD are simplifications of the
real behaviour of these variables in the river. Appendix I gives a review of
DO and BOD models and a description of the equations developed for the River
Thames based on TWA water quality data .
2.4 Co stational As ects
QUALITY FORECAST ING OF MAJOR TR IBUTAR IES
1 0 An essential requirement of any forecasting systern is some estimate of the
• input variables . In the case of the Thames model the major tributary inflows
are required together with information on wa ter quality. Assuming forecasts of
1 0
flow will be available for sub-catchment mode ls it is necessa ry to establish
relationships between flow and water quality such that quality forecasts can he
derived .
One approach to this problem is to make use of the co rrelation structure
between flow and the water quality variables . As part of the Bed ford Ouse
Study (Whitehead and Young , 1979) synthetic water quality data was generated
using a two stage approach as indicated in Figure 3.1. Data were analysed
initially to determine the instantaneous cross-correlation pattern with the
serial correlation pattern being analysed using time series techniques. Thus
generating synthetic water quality data involved operating on a white noise
series with appropriate transformations to reconstruct both the serial and
cross-correlation structure .
(41In the case of the Thames we have found that there is a very strong
correlation between flow and tributary water quality and therefore a simplified 41
approach can be adopted. Figures 3.2, 3.3 and 3.4 show three typical scatter (
diagrams between flow and dissolved oxygen and nitrate loads respectively. In
each case a high correlation is obtained and fitting a regression line to the (4,
log transformed data gave relationships of the following form
,41
= a Qb 41
( •
where Q is the tributary flow, m3sec 1— , Load is 0 x C where C is concentration
1 .41
mg 1— and a and b are constants. The relationships have been used directly in (
the model to estimate tributary loads given estimates of flow . Typical 41
simulations of nitrate and chloride load for two tributaries are shown in ; •
Figures 3.5 and 3.6 and in each case satisfactory estimates are obtained .
.41
Whilst far more sophisticated techniques could be employed, it is unlikely that ',
any technique could glve a better estimate of quality especially given the 41
inevitable errors associated with sampling and measuring water quality which (.0
can be in the order of 5 to 10% (see Whitehead et al, 1981).
41
4. INTERACTION MODEL FOR ANALYSING ALTERNATIVES
As previously discussed the model has been set up on the mini—computer in k
an interactive mode. Full details of the interactive features are given in 41
Appendix II but in this section, two examples of model applications are 41
presented.
. 41
4.1 Effects of Chan in Abstraction  Rate 41
( •
The model incorporates all the abstractions and effluents affecting the ( 111
main stem and the effect of changes in flow and quality of any of these can be k
investigated. In order to illustrate this the effect of increasing the Dachet 4,
abstraction is shown in Figures 4.1 and 4.2. The abstraction has been ( •
increased by 0.6 cumecs over the period 10/6/76 to 29/6/76 and the effect this 0
has on the downstream flow at Egham is indicated in Figure 4.1. The flow falls(
41
( 41
41
41
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to 5 cumecs and this fall might affect navigation in the reach . It would be AD
possible to incorporate flow-level rela tionships so that levels could be
plotted in the same manner. However these relationships will depend on the
operation of locks and weirs and must await development by TWA . The effect on 41
flow at all sites on the Thames is shown in Figure 4.2. The profile along the  (4 )
Thames is presented and shows the changes in flow below reach 17. A plot of
this profile for the lower reaches of the Thames, Figure 4.3, shows the
problems of very low flows at Molesey Weir where a minimum flow of 1.5 cumecs
is reached . The effect of the Hogsmill and Mole rivers below Molesey is to
increase flows over Teddington Weir (site 22).
4.2 Effects of chan  in Effluent Flow Rate or Qualit
The effects of changing the effluen t discharge at Henley has been
investigated by increasing the effluent flow by 0.6 cumecs .
as reaeration occurs.
•
•
ce
The increased load of BOD, nitrate , chloride and ammonia is reflected in 4
the increased concentrations downstream of reach 14 as shown in Figures 4.4,
4.5, 4.6 and 4.7 respectively . The reductions of DO downstream of the
discharge is also shown in Figure 4.8. Because many of these variables are
non-conservative they change as the wa ter moves down the river. Thus BOP 4
reaches a peak below the effluent discharge bu t gradually falls as the water
moves downstream. Sim ilarly the increased levels of ammonia fall downstream ask
nitrification processes occur. In the case of dissolved oxygen the initial
impact of the effluent is to reduce oxygen levels but these recover downstream  ( 4,
IDThus the model can be used to investigate flow and quality changes and
could be adopted to other variables of interest to TWA . 4
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THE NITRATES PROBLEM
A Nitrates Study of the Thames River Basin
Despite the general improvement in the quality of river water over
the past few years , a number of water au thorities in the United Kingdom are
experiencing difficulties in meeting the CEC standard for nitrate in
drinking water. Present trends are not encouraging ; nitrate levels in the
Thames and the Lea have been increasing steadily over the past 50 years and
it is disturbing to note that leve ls are increasing at an accelerated rate,
as indicated in Figure C .1. In a study of the nitrogen problem in the
Th ames basin (Onstad and Blake , 1979) it was shawn that ag ricultural inputs
Nitrate mg/1
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account for 78% of the variance of nitrogen in the river. Soil nitrate
reaches watercourses by two paths, name ly a rapid path through the upper
soil layer and a slower path through the underlying aquifers, with the lags
associated with the aquifer movement of the order of seve ral years. The
major factors affecting the agricultural sources of nitrogen were shown by
Onstad and Blake to be the release of soil nitrogen in the 1930 - 1940
period after the increased ploughing of grassland and the increased
fertiliser applications from the early 1960 's.
Onstad and B lake have predicted that by the end of the century the
mean concentrations in the River Thames will range from 10 mg N/1 to 15 mg
N/X for seve ral week s at certain time s of the year. Until now it has been
possible to abstract water when concentrations fall below 11.3 mg N/2. but
this practice clearly cannot be extended for long periods , especially since
there is little spare capacity in London 's water supply system at present.
In addition water demand in London is increasing and the nitrate
concentrations therefore pose a significant constraint on water utilization
in the future.
As a result of the conclusions drawn by Onstad and Blake the Thames
Water Authority needed to evaluate various strategies for managing its
present and future water resource system particularly in respect of nitrate
concentration .
(
(
•
•
•
As an aid to evaluation the Thames Water Authority decided that it had
a requirement for a mathematical mode l to describe the movement of nitrates
within the Thames catchment. As a result of this requirement a
co llaborative study was set up involving the Institute of Hydrology , the
(
(
•
•
•
Water Research Centre and the Thames Water Authority. Interactions between
the different components of the water resource system meant tha t the
overall design model would comprise a number of sub-mode ls representing
soil zones, aquifers, treatment works and reservoirs linked togethe r with a
( •
•
•
main river system model. Thames Water Authority developed models for the
reservoir and treatment works and the Water Research Cen tre provided models
describing the groundwater and soil zones . The river model linking all the
sub-mode ls together was developed by the Institu te of Hyd rology (Whitehead
(
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et al, 1983). The component parts of the model have all been assembled on
the Thames Water Authority computer and it has been used to investigate the
nitrate problem given different agricultural strategies.
Application of the Thames Nitrate Model
The model was used to determine the possible implications for nitrate
concentrations åt two major abstraction sites if no change was made to the
water resources system and agricultural land use was allowed to continue on
its present course. The Thames Water Authority applied the model to 56
years of hydrological data to reproduce river flows and nitrate
concentrations at Farmoor and Datchet which are abstraction sites providing
drinking water for Oxford and London  respectively.  The model was run
assuming two sets of conditions:
(a) 1982 agricultural land use, fertiliser application nstes, population
levels and water demands;
(b) 2006 agricultural land use, fertiliser application rates, population
levels and water demands.
The 1982 conditions were based on published land use information and
fertiliser surveys and inputs from the sewage treatment plants were based
on historical population and per capita consumption data. Forecasts for
the 2006 conditions were made from trends in the historical data and
estimates of population growth.
The results from the model runs under the two sets of conditions are
summarised in Tables  5 .1  and 5..2, which  show  the  number  of years the WHO
limit of 11.3 mg// would be exceeded at the two abstraction sites
considered. It  is  clear that at both abstraction sites there will be a
marked  increase  in the number of years that 11.3 mg/A would be exceeded if
nothing were to be done to control the nitrate problem. It is interesting
to note that although the number of years with exceedance is greater at
Farmoor than Datchet in 1982, in 2006 the numbers of years of exceedance is
similar, at the two sites. This may be because the nitrate load on the
TABL E 5.1 OXFORD INTAKE ON RIVER THANKS
Simulated Nitrate Concentrations for
56-year Hydrological Sample
•
•(
TABLE 5 .2 LONDON INTAKE  ON  RIVER THAMES
No . years 11.3 mg N/X exceeded
(October - September)
40
( •
(
Duration of exceedance 1982 land use,
population and
demand
2006 land use ,
population and
demand
•
ID1- 15 days 5 8 (
16-30 days 2 9
31-45 days 0 2
46-60 day s 0 1 ( •61-75 days 0 0
76-90 days 0 0 I I
> 90 days 0 0
as annual average 0 0
Total no. years in
which exceedence
7 20
•
•
Du ration of exceedance
No . years 11.3 mg N/1. exceeded
(October - September)
1982 land use, 2006 land use,
population and population and
demand demand
(a•
(41
1- 15 days 7 10 II16-30 day s 3 6 (
3 1-45 days 2 2
'046-60 days 0 1
6 1-75 days 0 3
76-90 days 0 0
> 90 days 0 0
as annual average 0 0
' 41Total no. years in 12 22
which exceedence ( •
4!
•
•
river downstream of Farmoor has been increased more than upstream by a
large r population increase or increased fertiliser applications. Another
possible explanation is that a uniform increase in nitrate load over the
river has taken place but the natural denitrification processes are no
longer able to remove nitrate at a sufficient rate to prevent its
accumulation downstream .
The Model runs have thus shown that if nothing were to be done then
the abstraction of water from the River Thames for public water supply
could be severely restricted by the high nitrate concentrations. The
Thames Water Authority can combat this increase using a number of different
methods and will be able to use the Thames Nitrate Model to assess which
will be the most beneficial to ensure a reliable water supply to its
customers.
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ID Biological self-purification is the process by which organic wastes are
APPEND IX I. A DO AND BOD MODEL FOR THE RIVER-TTAMES
A REVIEW OF DO-BOD MODELS FOR RIVER SYSTEMS
In order to support water-borne life , water must contain dissolved oxygen
in sufficient quantities and also be largely free from toxic and harmful
compounds. The principal aim of most oxygen balance studies is to assess the
impact of effluent discharges on water quality and to quantify the extent of
biological self-purification .
broken down by the respiration of micro-organisms into stable  end  products. It
is  a biochemical oxidation process through wh ich organic wastes are consumed
leaving behind end products such  as  carbon dioxide , water phosphates and
nitrates . The water is 'purified ' in the sense tha t the concentration of waste
material has been reduced. Organic materials which can be broken down (i.e .
are biodegradable) include natural materials such  as  simple sugars, starch,
fats, proteins as well as more complex natural or synthetic compounds which are
found in sewage or other wastes .
The interaction between BOD and DO downstream of a discharge may be
• illustrated in a simple manner as shown in Figu re 1. A high initial ROD exerts
ID a  large  demand for oxygen  and  as the instream organic matter decays the oxygen
level becomes depressed. The river, however, has the capacity to recover
naturally from this situation by the transfer of oxygen from the atmosphere to
the water. This process of re-aeration is enhanced by low temperatures and a
•
large degree of turbulence in the river but is primarily controlled by the
difference between the saturated oxygen level and the actual river oxygen
level. At the minimum of the oxygen sag curve a high level of re-aeration
ID occurs and as the BOD level declines the DO  level  increases. The minimum is
influenced  by various factors including the type of effluent and the rate of
d ischarge ,  a  higher organic load producing a lower minimum. In addition , at
high river flows the location of the minimum shifts dowm stream and an important
410 aspect of any water quality study is therefore a satisfactory streamflow model.
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All of these processes affect the distribution of DO and may therefore
need to be considered in a water quality study . A comprehensive review of the
mechanistic terms and model variations is given by Beck (1978) and, as
emphasised by Beck , these modifications have in the main been applied to the
Streeter-Phelps equations; equations that provide a steady state profile along
the stream length .
The steady state model is not, however, particularly well suited to the
Thames DO-BOD study . This is because the river is rarely , if ever, in steady
state. Flows and , thereby , river velocities change significan tly from day to
day , as do a number of other variables, such as temperature and solar radiation
levels. A dynamic model is required that is capable of accepting time varying
inputs and operating upon them to give time varying output responses. Only by
comparing the dynamic responses of the DO and BOD behaviour can a realistic
assessment of the proposed operating strategies be made.
One possible dynamic characterisation of water quality that appears , on a
priori considerations, we ll suited to this kind of problem , consists of a
lumped parameter differential equation model obtained from  a  mass balance over
each reach of the river . The reach is assumed to be uniform throughout and
analogous in chemical engineering terms to a continuous stirred tank reactor
(CSTR ) in which the output concentrations are equal to those in reach . This
approach has been applied by Becic (1978) over a single reach of the River Cam,
in South East England and by Whitehead et al (1981) over several reaches in the
Bedford Ouse. The dynamic model resulting from the mass balance is of the
following form:-
dx
1
(t)
0 C(t)
DO : a - = - (k1 + )x,(t) - k2x2(t) + + k
1
C
s
+D
BV m
dx
2
(t)
= - (k + 2  )x (t) + 0Æ LBOD .
dt 2 Vm 2  VT  A
(3)
(4)
(10
41
ID
where :-
(41
xl is the output (i.e. downstream) DO in mg 1-1 11
x2 is the output ROD in mg 1- 1  ( . .
L is the input (i.e . upstream ) HOD in mg 1- ' qv
c is the input DO in mg 1- 1  4
Cs is the saturation concentration of DO in mg 1- 1 Al
Q is the volumetric flow rate in m2 days- 1 k. .
vm is the mean volume of water held In the reach in m'
11
kl is the reaeration rate constant days - 1  4
k2 is the BOD decay rate constant days -1 AP
LA is the mean rate of addition of BOD to the reach by local runoff 1
in mg 1" day" 41
DB is the net rate of addition of DO to the reach by the combined  ( 411
effects of photosyntheses , respiration and mud deposits in All
mg 1-1day-1 lID
is time in days
The saturation concentration for DO is determined as, Al
Cs = 14.652 - 0 .41022T + 0.00799 10 T 2 - 0.000077774 T'
41
where T is the stream temperature ° C.
A common problem with water quality models is to determine parameter
va lues such as the BOD decay coefficient and reaeration rate coefficients. Th1/4,..
standard approach is to select parameter values from the literature or from
experimental measurements . Knowles and Wakeford (1978) describe a number of (411
relationships and.parameter values which can be used in situations where little.
information is available and this approach has been applied by Casapieri et
(1978) in a study of the Blackwater Ca tchmen t of the Thames .
A more sophisticated approach was developed by Beck and Young (1976) in 0
which the parameters of a dynamic water quality model were estimated directly (
from field data using the extended Ka lman filter (E KT ). The EKF is essentially .
a statistical technique which accounts for measurement errors and system no ls4 41
bo th of which are highly significant in water quality studies . Whitehead 40
(1978, 80, 81) applied the EKF technique and the instrumental variable (IV) (40
technique to estima te water quality parameters in the dynamic models developed
for the Bedford Ouse . However, a requiremen t of these techniques is that an  ' II
extensive record of daily or continuous data is available. in the case of the e
Cam study , 80 days of data were available and In the case of the Bedford ID
•
In the River Thames study daily data have not been available for such
sophisticated analysis and therefore it has been necessary to make use of
existing data and information on processes and parameter values . However,
rather than develop a steady state model, the nature of the study demands a
dyn amic model so that the effect of changes in flow , temperature , solar
radiation and algal levels can be incorporated. Similar dynamic models for
nitrate and algal growth and transport in the Thames have already been
• developed using routinely collected water au thority data (see Whitehead et al
•
1982, 84) and the approach is used in the current study of DO-BOD variations .
•
•
•
•
•
• dx1(t) Qi (t)
0e (t) 0t(t)DO : C (t) + -- C  ( 0 +  C  ( 00 7F- Vi-m i Vm e  V;  t
t
•
•
•
•
Ouse over two years of daily data were analysed. In both studies the
estimation techniques proved to be ex tremely useful in identifying model
structures and determining model parameters .
+ k2 (Cs(t) - xi(t) + PHR-M
THE THAMES DO-BOD MODEL
The dynamic DO-BOD model for the River Thames is based on equations (3)
and (4) described in the previous sec tion but with modifications to account for
additional sources and sinks. In particular , the mass balance model j .ncludes
the effects of tributaries and effluents entering the system and losses of
water via abstractions. Processes describing the addition of DO and .BOD via
photosynthetic oxygen production and phytoplankton death and decay are included
together with losses of DO and BOD via respiration of mud or henthic deposits ,
respiration of phytoplankton and sedimentation processes. As in equations
(3) and (4) reaeration and BOD decay processes are incorporated in the model.
The following equations apply for each reach .
Qa(t) Q (t)
- V-
•
xl(t)  V-
•
xl(t) k1x2 (t)
(5)
dx
2
(t) Qi Qe (t) Q
t
(t)
BOD . al _ v; L + L (t)  + v ; L (t)
0 (t)
aQ (t)  ' 43
v ;  x2(t) - v 1-1-  x2(t) - (k 1 + k3)x2(t)
Here subscripts i, e , t,  a,  o refer to input (upstream), effluent,
tributarylabstraction and output (down stream) respectively for the reach .
Parameters k1, k2 and k3 are respectively BOD decay rate , reaeration rate
and sedimentation rate parameters (day- 1) defined  as:-
14  0.2*1.047(T-20)dsys -1 (Wakeford and Knowles (1978))
where T is temperature ° C and 1.047 is a temperature correction term .
u0.67 (T-20) - 1
1.85k2
- 5.316 1.024 day (Owens et al (1969))
;
where u is stream velocity m sec_ 1 and d is reach depth , m
k3 = 0.1 days-1
Cs in equation (3.8) is the saturation concentration for DO
defined as:-
Cs = 14.652 - 0.41022T + 0.00799 10 T2 - 0.000077774 T3
•
•to
•c
 
P in equation (5)  refers  to the addition of oxygen by photosynthesis of plants (5
and algae . In the Thames the river does not support  a  large biomass of rooted
plants because of both depth and high water turbidity. However, algal blooms (
in  spring , summer and autumn are a  common occurrence and these have a
considerable effect on DO levels, as discussed in section 3.2. Modelling the ( 0
photosynthetic production of oxygen by algae has been undertaken by many
researchers. Steel (1978) describes in  detail the processes  controlling oxygen (
production in reservoirs and similar processes are known to occur in rivers. •
II Research on the modelling of DO-BOD interactions in a river system has
• been dominated by the classical model of Streeter and ahelps (1925) where the
II equations take the form :-
II dD
DO :
a t = k1L + k2
D (1)
II
II dL
BOD:
dt  a  klL (2 )II
where L represents the BOD concentration mg 1- 1, D represents the DO deficit,
where the deficit is determined as the difference between the DO saturation
concentration and the DO concentration in the stream , mg 1- 1. 1(1 and k2
are rate constants describing respectively the BOD decay process and the
re-aeration process .
It should be noted that this system of two coupled differen tial equations
does not describe the transient behaviour of the DO at a fixed point in the
stream but represents an element of fluid moving downstream at the streamflow
• velocity; in other wo rds it describes a profile or steady state solution along
the stream length. In addition , the equations do no t reflect the effects of
the aquatic environment on the DO distribution. Th e magnitude of these effects
vary from stream to stream according to the physica l, chemical and biological
•
conditions and a number of investigations, such as those of Dobbins (1464),
Owens et al (1969), Camp (1965), O 'Connor (1967) and Thomann (1972) haveID
extended the basic model to include such phenomena as,
(i) the removal of BOD by sedimentation and adsorption;
(ii) the add ition of ROD along the reach hy the scour of bottom deposits or
by diffusion of partly decomposed organic matter from the benthal (mud)
layer i nto the water above;
(iii) the removal of oxygen from the water by diffusion into the benthal
layer to satisfy oxygen demand in the aerobic zone ;
(iv) the addition of oxygen by photosynthetic action of algae and fixed
plants;
(v) the removal of oxygen by respiration of algae and fixed plants .
Owens et al (1969) considered  a  simplified model in which oxygen production is (4,
related to light intensity and plant biomass or algal levels. Whitehead et al •
(. .
41
(1981) used  a  modified version of the Owens model and estimated the relevant
parameters for the Bedford Ouse. A similar approach has been adopted for the
Thames and the following relationship developed
8.6 0.79
1.08
(T-20)
--T Cla
10 (•
Here Cla is the chlorophyll-a concentration mg m-3
I is the solar radiation level watt hours m_2 per day. The coefficient 8.6 was
determined from  a  linear regression analysis using as variates the observed \ 41
oxygen production, obtained from continuous  data  recorded by TWA  and
(CI 10.79 1.088(r-20) obtained for the same period.
-- 510
R in equation (5) refers to the loss of oxygen via algal respiration .
Kowalczewski and Lack (1971) developed a relationship between  algal
concentration  measured as  chlorophyll a and respiration rate for the River
Thames, where
a  (0.14 + 0.013 Cla) 1.08(T-20)
and this relationship has been incorporated into the model .
M in equation (5) refers to the respiration of the river bed or mud.
There has been considerable research into this process (Edwards  and  Rolley,
1965) and the following equation has been used ,
k4 0.45
1.08
(T-20)
M = — xd 1
C•
where xl is the DO concentration mg 1- 1, d is depth , m, and k4 is a
parameter to be dete rmined. The original work of Edward and Rolley was
conducted on the highly polluted muds of the River Ivel  and  later studies
by Ro lley  and  Edwards (1967) showed that the parameter k4 varied considerably
from river to river. In the Thames study a value for k4 of 0.15 days was
found to provide the best fit to the observed DO data.
Finally A in equation (6) refers to the conversion of algae to decaying
organic matter. In previous algal modelling studies on the Thames (see
Wh itehead 1984) the concentration of dead algae is assumed proportional to the
concentration of live algae . Thus A can be expressed
A  c  k
5
Cl
a
.1.047(T-20)
Where Cl is the chlorophyll  a  concentration mg-3 and k5 is  a  parameter. From
simulation studies on the Thames k5 was found to be 0.01.
The model has been calibrated using data from TWA routine monitoring sites
(NERC Report to TWA , 1984). The DO and BOD model equations have been
incorporated into the Thames main stem model  and applications  are illustrated
in section 4.
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by Rolley and Edwards (1967) showed that the parameter k4 varied considerably
from river to river. In the Thames study a value for k4 of 0.15 days was
found to provide the best fit to the observed DO data.
Finally A in equation (6) refers to the conversion of algae to decaying
organic matter. In previous algal modelling studies on the Thames (see
Whitehead 1984) the concentration of dead algae is assumed proportional to the
concentration of live algae . Thus A can be expressed
A = k
5
CI
a
.1.047(T-20)
Where Cl is the chlorophyll a concen tration mg-3 and k5 is a parameter . From
simulation studies on the Thames k5 was found to be 0.01.
The model has been calibrated using data from TWA routine monitoring sites
(NERC Re port to TWA , 1984). The DO and BOD model equations have been
incorporated into the Thames main stem model and applications are illustrated
in section 4.
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Tham es user guide
I .
This document is a prelim inary guid e fo r users of the
software being developed for the Th am es Water Authority.
The so ftware has been written , as far as is possible,
in
 FORTRAN I V
 under the Digital Equipment Company's
 RT- 1 1
V5. 1 operating system . Some system-dependant software has
been wr itten in
 MACRO
 11 assembler where
 FORTRAN
 wo uld have
been imprac tical .
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1. Introduction
2. S stem considerations
The major hardware requirements for running the Thames
softwa re are as follows :
a) One PDP 11/23 processor with 128 Kbytes of
mem ory , EIS and FIS instruction se ts.
b) On e VT 125 Graph ics term inal with printer
port.
c) One LA 50C 80 column dot matr ix printer.
d) Dual RLO2 10.4 Mbyte rem ovable pack d isk
d riv es.
Th e operational requirements for runn ing the system are
as fo llows :
a) Th e operating system should be eithe r the
RT-11 Single Job or the RT-11
Foreground/Backg round mon itor. Bo th
m onitors must b e generated to support the
v irtual mem ory which is required by the
FORTRAN so ftwa re.
b) The monitor should hav e at least 44 Kbytes
of memory availab le to the backg round job.
Th e User Serv ice Routine (USR ) may be al-
lowed to swap over the background job to
obtain an extra 4 Kbytes for the back-
g round job .
c) A ll logical dev ice name assignmen ts should
be d isassociated from the physical dev ice
nam es.
d) DL1, wh ich is the RLO2 drive where the
softwa re resides, should be assigned as
the default dev ice.
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3. Ge ttin the Tham es s stem started
Under RT -11 a command verb , "THAM ES" , has b een
prov id ed . Th is command has two fo rms. The first form is
THAMES USER
wh ich will assign the Tham es d isk pack as the default
dev ice, set the USR to the swapping state, and deassign all
other dev ice assignmen ts. This form is prov ided for softwa re
dev elopment.
The second form is
THAMES M ENU
which has the same effect as the the "THAMES USER" form , but
ha s the additional effect o f running a menu prog ram . Th is
prog ram resides at the top o f the Thames system structure ,
and its fo rm will vary in detail as the sys tem is fur ther
dev eloped.
4. User interaction with the Thames so ftware
The user interacts with the Thames programs through the
keyboard of the VT125 graphics terminal. Most programs are
menu and/or form driven. This means that firstly a menu will
be displayed offering a choice of actions. The required op-
tion may be chosen by pressing an indicated key . For example
to select the plot program from the main menu (see section
50 the user must press the PF4 key. The m enu program
displays 'the mnemonic "PF4" in bright reverse v ideo followed
by the string " - Plot modelled  data",  ind icating the action
th is key will initiate . Secondly a form, to be filled in by
the user, will be displayed. The form is accompanied by  a
menu ind icating the actions which would be selected as the
consequence of typing keys on the keyboard . A user enters
data into a fo rm simply by typing. The area available for
the data is shown (often by enclosing it in square
brackets). If the user attempts to type past the end of the
data area then the cursor will wrap around to the beg inning
of the data area. The d ata fields wi thin a form con tain
default values , wh ich the user  may  edit or leav e unchanged .
There are various facilities availab le to the user when
entering data on a form . Any printing character (a printing
character is one that you can see on the screen) typed by
the user Lmmediately replaces the one currently under the
cursor. The cursor then moves ov er the nex t charac ter of the
da ta field being ed ited or to its beg inn ing if it was
located on the last charac ter. The user may delete the
character to the left of the cursor by pressing the DELETE
key. This moves the cursor left one character position and
replaces any character there wi th a b lank. If the user at-
tempts to DELETE past the beginn ing of the data field then
the term inal beeper is sounded . The user may move to a
se lected character within the da ta field by use o f the cur-
so r keys. The left po in ting cursor key will move the curso r
left one character per depression , and the right curso r key
will move it to the righ t. What happens when the user at-
tem pts to move past the beg inning or the end of a data field
with the cursor keys will be explained later. The use r can
erase the whole of the current d ata field by typ ing the Con-
trol and X or the Control and U key combinations (this is
achieved , for example for Control and X, by ho lding down the
key labelled CTRL a t the bottom left of the main keyboard
and typing X ). Th is erases the data field to blanks.
All the fo rm driv en programs are wr itten so tha t if the
term inal screen shoul d become corrupted (for example by in-
terference on the mains supply) then it may be resto red by
typing the Control and  W  key com bination.
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to the da ta field to the righ t (or below if there is not one
to the right) by pressing the cursor right key . If the cur-
sor is at the beginning of a data field then the curso r left
key will move the cursor to a data field to the left (or
above if the cursor is on the start of the first data field
on the line).
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Most forms have more than one data field (often of dif-
ferent lengths) displayed to the user for ed iting. The cur-
sor will always be located on one of these. If the user
wishes to alter one of the others then he may do so by
mov ing to it using suitable combinations of the cursor, TAB
and RETURN keys. The up and down cursor keys will move the
user to the entries immediately abov e or below the current
data field respectively, unless the user is at the top o r
bo ttom of the fo rm , in wh ich case the cursor will move to
the data field on the bottom or the top of the form respec-
tively. The user may move to the data field to the right (or
the one below if there is not one to the righ t) by pressing
the TAB key. The RETURN kay has the same effect as the cur-
so r down key.
In all cases when the user attempts to m ove the curso r
ou t of a data field, it is checked for valid ity. If it is
no t valid then the term inal's beeper will be sounded and an
error message will appear on the bottom of the sc reen in-
dicating what is wrong .
In all cases when the user presses one of the menu
function keys (except when the user is perform ing a function
such as "ex it prog ram" when it does not matter) the value
will also be checked . The relationships between the values
the user has entered will also be checked at this po int and
if they are incorrec t then an appropriate message will ap-
pear on the bottom of the screen.
When the user is entering a new value into a fo rm it
may be entered in free format. This means, for example, that
the user may enter numerical data by entering it at the
front of the ed it field as if entering it into a calculator.
Thus if an ed it field for numeric data contained
6.500]
and the user edited it thus
(7 6.5001
then when the user presses a function key o r moves to
another edit field , the new value will be inserted thus
Thames user guide
User interaction with the Thames software
7.000]
User interaction with the Thames software
The user could also have moved the cursor to the "6"
and entered "7.0"; the result would have been the same. A
decimal point is assumed to occupy the position of the first
blank character after the start of the number if it is not
input explicitly).
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5. Th e menu ro ram
Once the menu program  is  running the user is prov ided
with  a  selection of prog rams wh ich may be run. Th e screen
layout for the menu program is shown in Fig L. The user may
select a prog ram by pressing the appropriate key. For ex-
ample to run the program wh ich performs the "Plot m odelled
da ta" option the user must press the key labelled "PF4",
wh ich is to be found at the top of the VI125 aux iliary key-
board wh ich is to the left o f the m ain keyboard .
Pf l = Si tup model run parameters
Ff 2  =  Run analytical model
PF3 = Run di f ferenti al model
PF4 = Pl ot model l ed data
Which ?
When the user has pressed a valid key (the term inal
beeper is sound ed for an incorrect key) a large "WAIT" will
appear in the centre of the screen (see Fig 2 ). The menu
prog ram then issues an RT-11 canmand wh ich will load and run
the requested program. The "WAIT" message remains until the
selected program has initialized itself and is ready to in-
teract wi th the user.
Thames use r guid e
F ig 1 : The menu program 's menu
On exit all selec tab le prog rams are designed to return
to the menu prog ram. However if the program is run from the
the RT-11 monitor canmand level then it will exit to RT-I1
with the message "I was not chained to!!". This fac ility is
used to aid prog ram development and debugging .
Thames user guid e
WAI T
Fig 2 : Th e WAIT message
The m enu program
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6. Se t u mod e l r u n a r ame t e r s r o r mn
Th i s pr og r am i s s e l ec t ed f r om t h e me n u pr og r am b y
p r e s s i ng t h e PF 1 k e y . Th e pr og r am a l l ows a u s e r t o a l t e r t h e
s t a r t d a t e f o r  a  mo d e l r un . I t a l s o a l l ows t h e us e r t o a l t e r
t he f l ows a nd l ev e l s o f b i o l og i c a l ox yg e n d ema nd a t t he e f -
f l u e n t a nd ab s t r ac t i o n s i t e s d own t h e Th ame s r i v e r .
Th e f i r s t pa g e d i s p l a ye d b y t h i s pr og r am ( s e e Fi g 3 )
a l l ows t h e us e r t o s e l ec t t h e s t a r t d a t e . Th e s t a r t d a t e i s
r e s t r i c t ed b y t h e f o l l owi ng f a c t o r s . Fi r s t l y o b s e r v e d d a t a
i s on l y av a i l ab l e f o r t h e t h r e e ye a r s 19 74 t o 1 976 , s o t he
s t a r t da t e mus t b e wi t h i n o n e o f t he s e ye a r s . Se c o nd l y t he
Th ame s mod e l s a l wa y s r un f o r a 20 d a y pe r i od , s o t he l a t e s t
v a l i d da y f o r a mo d e l r un s t a r t i s 12- DEC- I 9 76 b ec a u s e t h e r e
mus t b e a t l e a s t 1 1 d a y s o f o b s e r v ed d a t a av a i l ab l e t o t he
mo de l a f t e r t he s t a r t d a t e .
The model runs for 20 days using data from the three years '1974 to 1976
of r iver hi s tory. You can sel ec t any day from 01-m 4- 1974 to 12-OCC-1976
on which to st ar t the model run.
When you have f ini shed speci fying the date for this opt ion you s ay
ei ther , exi t the program by pressing the Pf l key , or edi t t he user data
for the 20 days sel ected by press ing the Pf2.
F i g 3 : F i r s t me n u i n t h e s e t u p
p r o g r a m
Th e d a t e i s e n t e r ed i n t h e f o l l owi ng f o rm :
" dd- mmm- y y y y"
Ini t i al day of run ? (071 1JG- 19761
Th ame s us e r g u i d e 10
Se t u p mod e l r un p a r ame t e r s pr og r am
wh e r e " d d " i s t h e d a y o f mon t h , " mmm" t he t hr ee c h a r ac t e r
mo n t h n ame ( f r om
 JAN,
 FEB,  MAR , AYR , MAY, JUN, JUL , AUG,
SEP, OCT, NOV  o r
 DEC),  a nd " yy y y" t h e f o ur d i g i t
 y e a r
n umb e r . Th e " - " cha r ac t e r s us e d t o d e l i mi t t h e d a t e ma y b e
r e pl a c ed b y a n y o t he r a t t he us e r ' s c onv e n i e nc e .
Th e f un c t i o n ke ys PF 1 a nd PF 2 ma y b e p r e s s e d t o e i t he r
e x i t t h e pr og r a m o r t o ed i t / v i ew t he f l ows a nd b i o l og i c a l
o x yg en d ema nd s a t t he e f f l ue n t a nd a b s t r a c t i o n s i t e s .
Th e PF 1 k e y c a us e s t h e s e l e c t ed da t e t o b e s t o r ed i n
t h e mo d e l r un f i l e a nd t he pr og r am t o e x i t . Th e PF 2 c au s e s
t h e  "WAIT"  me s s a g e t o a ppe a r i n t h e c en t r e o f t h e s c r e e n
d u r i ng wh i c h t h e p r og r am r ead s t h e v al ue s o f t he f l ow a nd
b i o l og i c a l ox yg e n dema nd pa r ame t e r s . Th e s e a r e t he n
d i s pl a ye d i n t a b l e f o rm wi t h t h e t r i b u t a r y n ame s ( s e e Fi g
4 ) . Th e us e r ma y t h en a l t e r t h e v a l u e s a s d e s c r i b ed i n s e c -
t i on 4 . Al t e r n a t i v e l y on e o f f o u r a c t i o n s ma y b e i n i t i a t ed
b y u s e o f t h e PF 1, PF 2 , PF 3 a nd PF 4 ke ys .
PF1 • Done, Pf 2 • Qui t , Pf 3 = Restore_User , PF4 = Restore_Live
Th ame s us e r g u i d e
F ig 4 z Abstractions and Effluents flow
and quality form
Th e PF 1 k e y wi l l c a us e t h e pr o g r am t o s t o r e t h e
d i s p l a ye d f l ow a nd b i o l og i c a l ox yg en d ema nd v a l ue s i n t h e
u s e r f i l e a n d t h e n r e t ur ns t o t he f i r s t me nu o f t he p r og r am .
(I)
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Set up model run parameters program
The PF2 key causes an immediate return to the first
menu of the program. The flow and biological oxygen d em and
values currently in the user file remain unchanged regard-
less of what the user may hav e done to the values that are
displayed on the screen.
The P13 key will cause the program to restore the flow
and biological oxygen pa rameters tha t the user is editing to
those tha t are held in the user file. Thus if the user in-
correctly edits the displayed data they may be resto red to
the original values.
The PF4 key will cause the program to read the flow and
biological oxygen demand da ta from the observed data files
and present them to the user for editing into the user file.
7. Th e model r rams
Two model programs are available to the user - the
analytical and the differential, selected by the P12 and P13
keys respectively. Bo th models produce two sets of results,
one using the observed data and one using the data edited by
the user.
The analytical model produces its results by the use of
equa tions derived analytically. The differential model
solves a set of differential equa tions, and typically takes
about 6 times as long to run.
When either of the model programs is run it d isplays
the title "Thames flow and quality model" and the "WAIT"
message (see Fig 5). No user interaction is involved, and
once canpleted the programs return to the main menu.
Thames Fl ow and Qua1i t j mode l
WAI T
F ig 5 : The Thames model message
Thames user guide 13
6
••
•I
•
•
•
41
40
40
40
40
41
40
•
Plot type, Reach or Pr of i l e
Content - Both, User or Live
Date for Pr of i l e plot
Fir s t reach f or Prof i l e plot
Last reach for Pr of i l e pl ot
Fir s t date for Reach pl ot
Las t date for Reach plot
Aut o scal e Y axi s , Yes or Plb
Upper bound for Y axis range
Lower bound for Y axis range
Th ame s us e r g u i d e
8. Th e Pl o t mod e l l ed da t a r o r am
Th e p l o t pr og r am p r e s e n t s o n l y o n e f o rm wh i c h a l l ows
t h e us e r t o s e l e c t t he d a t a t o b e p l o t t e d a nd ex e r c i s e c o n-
t r o l ov e r t h e ma nn e r i n wh i c h i t i s pr e s e n t ed . Th e f o r m i s
d i v i d ed i n t o s e v e r al a r e a s . An ex ampl e o f t h e pl o t f o rm i s
s h o wn i n Fi g 6 . Two t ype s o f p l o t ma y  b e  p r od uc ed ; t h e u s e r
ch o os e s wh e t h e r t o pr od uc e a Re a c h o r a Pr o f i l e pl o t b y e n-
t e r i ng e i t h e r a n " R" f o r " Re a c h" o r a " P " f o r " P r o f i l e " i n
t h e ed i t f i e l d l ab e l l ed " P l o t t y pe , Re a c h o r Pr o f i l e " . En-
t e r i ng an y o t he r ch a r a c t e r i n t h i s e d i t f i e l d wi l l c a us e a n
e r r o r me s s a g e t o a ppe a r .
-- 1--- ---Cr ickl ade - Cas tl e Eaton
2 Cas tl e Eat on - Buscot
3 Buscot - Rushey
4 Rushey - Pinkhi l l
IR]
[07-406 - 1976]
1]
22)
(07-406- 1976)
[261406 -19761
IY1
6.00)
0.00]
PF1 = Pl ot , F7 = Exi t
P12 = Reach Up, PF3 • Reach Down, F8 = Determinand Up, 19 = Det erminand down
F i g 6 : P l o t s e l e c t i o n f o r m
1
2
3
4
Fl ow-
Ni t rate
Chl oride
Dissol ved Oxygen
Biol ogical Oxygen Demand
Ammonia
Data s tar t s 071406-1976
ends 261406- 1976
A " Re a c h" p l o t d i s p l a ys mod e l l ed d a t a f o r a us e r -
s e l e c t ed r e a c h f o r f r om t um t o t we n t y d a y s ( a l s o us e r
s e l e c t ed ) . Th e t o p s e v e n l i ne s o f t h e t e rmi n a l s c r e e n a r e
d e d i c a t ed t o t h e s e l e c t i o n o f t he Re ac h b y t h e u s e r . Th e r e
t we n t y- t wo ma j o r r e ac h e s on t he Th ame s , e a c h i s h e l d i n a
l i s t . Th e y a r e numb e r ed f r om o n e t o t we n t y - t wo . Iti e s e v e n
l i n e s d i s p l a ye d a r e a wi nd ow on t he l i s t . Th e c en t r al l i ne
o f t h e s ev e n i s d i s pl aye d i n r ev e r s e v i d e o a nd name s t he
r e ac h t h a t wo ul d b e us e d i n a Re a c h pl o t . Th e us e r ma y
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The Plot modelled data program
scroll the list up by pressing the P13 key (this moves the
list down riv er by one reach) - the seven lines scroll up
one position losing the top line , an ex tra line will appear
in the sev en th position . Alternatively the user may sc roll
the list down by pressing the P1 2 key to produce the rev erse
ef fect  of pressing the PF3 key. At the top o r the bottom of
the list (head and tail of river) blank lines are inserted
for the non-existent reaches as shown in Fig 6 where the
display starts at reach 1 in the central position. If the
user attempts to move one of these blank lines into the
Reach selection line then an appropriate m essage appears on
the bottom line of the sc reen. The user can select the range
of dates over which the Reach data will be plotted by en-
tering the first and last dates (inclusive) desired in the
ed it fields labelled "First date for Reac h plot" and "Last
da te for Reach plot" respectively. Th e format required for
en tering the dates is as described in the section 6.
The second type of plot is the "Profile" plot. Th is is
a plot of the m odelled data for a particular date (user
selectable) for a range of reaches (also user selectab le).
The date fo r the Profile plot is entered in the form posi-
tion labelled "Da te fo r Profile plot". Th e fo rmat used is
the same as that for the setup program wh ich wa s described
in section 6. The rang e of reaches to be plotted in the
profile are en tered in the positions labelled "First Reach
for Profile plot" and "Last Reach for Profile plot". Each
requires the user enter an integer between one and twenty-
two (inclusiv e). Attempting to enter an invalid number
resul ts in an error message. The num ber entered in the
"First Reach for Profile plot" data field must b e less than
that entered in the "Last Reach for Profile plot" , o therwise
an error message will appear when the user actually a ttempts
to produce the plot.
Bo th the m odels produce two sets of d ata for each run ,
one using the observed data and the other for the use r
edited da ta. The user can select eithe r or both to be
plotted . Th is , is achiev ed by entering e ither "B" for "Bo th
da ta sets" , "U" for "User edited data set" , or "L" for the
"Live (observed) data set" in the field labelled
"Conten t - Bo th , User or Live". Any other character will
cause an error message to appear on the bottom line o f the
sc reen.
The m odels produce data fo r six determ inands (Flow ,
Ni trate , Ch lor id e , Dissolved Oxygen , Biolog ical Ox ygen
Demand and Ammonia). Th e user can select which of these
determ inands is to be plotted. Th e names o f the six deter-
minands are displayed in a window on the right hand sid e of
the plot ed iting form (about the m iddle o f the screen). The
name of the determ inand that is curren tly selected fo r
plotting is displayed in inverse v ideo. The user may select
another determ inand by moving eithe r up the list by pressing
•
•The Plot modelled data program
the  F8  key (this is the  " 8 "  key on the auxil iary keyboard ;
no te this program distinguishes between the "8 " keys on the
main and the auxiliary keyboards) or down by pressing the  F9
key. The list of determinands does no t scroll.
The remain ing user con trol over the plot is the choice
of scaling fo r the Y (determinand) axis o f the plo t. The
scal ing may be automatic (values for the lower and uppe r
range are determined by the program) or it may b e user
specified (the user specifies the lower and upper values o f
the range). The user chooses automatic scaling of the plot's
Y axis bS, entering "Y " for "Yes" in the ed it field labelled
"Auto scale Y axis, Yes or No". If the user wishes to
specify the lowe r and upper ranges himself then he must
en ter "N" for "No" in this field. The values for the uppe r
and lower bounds are then entered in the edit fields
labelled "Upper bound for Y axis range" and "Lower bound for
Y ax is range" respectiv ely. The lower value must b e less
than the upper value , o therwise when the user attempts to
produce the plot an error message will appear on the bottom
line of the screen.
Once the user has selected the features desired fo r the
plot he should press the PF 1 key. The program then checks
that there are no inv alid parameters (for example the first
Reach to be plotted in a Profile plot being the same or
after the last Reach to be plotted). If all parameters re-
quired fo r the type of plot to be produced are valid (those
not required fo r the features selected are ig nored) then the
screen is cleared , a "WAIT" message appears near the bottom
left corner of the screen, and the plot is drawn (this takes
about two seconds). Once the plot has been drawn on the
screen the "WAIT" message is replaced wi th a two line menu
giv ing the user two alternatives, e ither pressing the PF 1
key will cause the plot to be copied onto the LA50 printer
(if there is one attached to the VT 125's prin ter port). Al-
ternatively the user may press the PF2 key , in which case he
is returned to the plot form /menu (wh ich will retain al l the
selections made by the use r befo re the PF1 key was pressed
to produce the plot). An example of the LA50 h ard copy out-
put is shown in fig 7.
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SECT ION 2 - REAL TIME POLLUT ION IMPACT ASSESSMENT - THE BEDFORD OUSE STUDY
kr0 1.16 , York , pp .795-314 .
Printed in  Gr ed t
AN ON-L INE MON ITO RING , DATA
MANAGEMENT A ND FORECAST ING
SYST EM FOR T HE BEDFO RD OUSE
RIVER BA SIN
P . G . Whitehead*, D. E . Caddy** and R . F. Templeman*
*i nsti tute of Hydrology, Wall ingf or d, Oxf ordshir e, U.K.
" Resource Consultants Cambridge, M ount Laboratory , To» ,
Cambr idge, U.K .
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Data from Automa tic water quality monitors and gaug ing stations O n the Bedford
Ouse are telemei.cred to the Cam bridge office of the CreAt Ouse River Division of
the Ang lian Water Authority . A mini-com puter has been installed to log data
from the out-stations, ennvert data to meaningful units, pre are data summaries ,
check for alarm conditions and forecast flow and quality up to 80 hours ahead at
key locations along the river system . The system provides informA elon on flow
and qual ity conditions in real time and has been used to forecast the movement
of pollutants along the river system . A generalised suite of computer p.,7o3rAms
have  been developed for data management And forecasting and a micro-processo r
controlled water quality monitnr is currently unde r development.
Automatic mon itoring , pollution forecasting , flow mode lling , water quality
modelling , data manAgement , teleme try control.
In the management and operational control of water resource systems A oAjor
requirement is for in formation on the present cond ition o f the system and on
like ly future changes in water quality . Operational manage rn •ust be ahle to
respond quickly to emergency situations in o rder to protect and conse rve wa ter
quality and mainta in adequate water supplies for public use . Moreover, the
costs of wa ter t.reatment and hanks ide storage are particularly high and there
are there fore considerable bene fits to be ga ined from tho e'ficient operational
management of river systems from the v iewpoint of water  quality  (Beck, 1981).
In recent years there has been snme prog ress towa rds prov iding more ef fic ien t
operational management hy the installation of automatic continuous water qua lity
monitors on river  systems .  These oea snrc river levels and water quality
variab les such as dissolved oxygeo , ammonia , and temperature and , if comb ined
w ith a telemetry scheme relaying informAri on to a central location , provide
immed iate information on the  state aE  the river for pollution officers . , Wh ilst
the reliab ility of such schemes could be be tter there is now an opportunity to
use this information together with mathematical models for making real-time
fo recasts of water quality .
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• The practic ii problems associated with the continnons field measurement and
6 telemetering of water qual ity have largely lim ited the application of on- line
forecasting and control schemes . The continuous flow of water past sensors for
I/ measuring wa ter quality gives riso to severe fouling o f optical  and  membrane
surfaces , thereby drastically reducing the accuracy of the data produced . In
41 recent years, however, the re have been several studies and applications of
continuous water quality monitors (Briggs , 1975; Kohonen et al., 1978). Most UK
41 wa ter  authoriti es have established mon itoring and telemetry schemes (Hinge and
Stott , 197 5; Cooke , 1975; Caddy and Akielan , 1978 ; Wallwork , 1179) and report
• reasonable reliability prov ided the mon itors are regularly ma intained .
41 The application  o r  ?Articular interest here is an extensive wa ter quality
• monitoring and telemetry scheme which has been developed by the Anglian Water
• Authority along the Bed ford Ouse river system in south eastern England . As
ind icated in Figure 1 automatic water quality monitors have been installed at
41 several sites along the river and data on such variables as dissolved oxygen,
pH , ammonia , and temperature are telemetered At regular  intervals to  the central41 control station located in Cambridge . This telemetry scheme has been extended
to Include information on flow  and  to use a  mini-computer  loca ted in Cambridge41 to anAlyse the data on- line.  The system provides rapid info rmation on the
present state of the river and incorporates a dynamic water quality model for
00  making real-time forecasts of flow and quality at key locations along the river
41 system (Wh itehead et al 1979 , 81) .
— .
DESCRIPTION OF THE BEDFORD OUSE MONITORING SYSTEM
41 The Great Ouse basia Is one of the largest river catchments in England and is
41 located in the low lying eastern part of the country . It receives one of thelowest annual rainfalls in the country which , combined with a lack of gradient,
41 produces a generally extremely sluggish river .
For simplicity , the Great Ouse basin can be considered as consisting of four
sections: the Bedford Ouse , the Ely  •use ,  the M iddle Level, and the Tidal
41 River. The Bedford Ouse area is the most upstream section of the river and has
the highest population density - over 50% of the population in the basin is
41 located In the Bedford Ouse area which represents only 35% of the total area .
Figure 2 is a schematic map of the Bedford Ouse area , showing the River Ouse and
41 its major centres of population . As migh t be expected in a predominantly rural
area , there are few large sewage treatment works and very few direct discharges
41 of industrial effluent. Nevertheless , effluent discharges can represent a
sign ificant proportion of the river flow under low flow cond itions as is
41 demonstrated in Table 1. The table underlines the deteriorating situation la
the future due to the expected grolgth in population of the New City of Milton
MI
Keypes . It was largely for this reason , and its assoc iated implications in
terms of volumes of wa ter required for public supply and volumes of effluent
41 requiring disposal, that this study has concentrated upon the Bed ford Ouse area .
There are three major abstractions for po table supply within the area - at
Foxcote , Clapham (Bed ford) and Offord ; and these are also shown in Figure 2. A
fur.ther abstraction at Brownsh ill may be considered in the future  As  a means of
increa sing the yield of the public water supply rese rvoir at Grafham (wh ich is
41 at present supplied by the abstraction at Offord) .
41
FLOW AND WATER QUALITY INSTRUMENTAT ION AND TELEMETRY
1111
The telemetry scheme used for flow and quality monito ring is  a Dynam ic  Logic
41 TFLTEL System , wh ich employs the public switched network (STD) telephone system .
41
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Mon itoring , management and f orecast ing on the Bedford Ouse
FLOW GAUGE
MASTER
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Figure 1 Water Quality Monitoringj elemetry and Mini-Computer
Processing System for the Bedford Ouse.
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Mon itoring , management and forecasting on the Bedford Ouse
OutstatIon4 can be interroga ted from the Dynam ic Logic TELTEL ded icated master
station .
TABLE 1 Proportion of Effluent in the R. Ouse
Location (in order
down stream)
Foxcote
Clapham
Offord
Brownshill
Percentage of Effluent
in Total River Flow
1968 1981 2001
20 30 30
35 60 70
45 60 85
25 35 45
Flow stations included in the telemetry scheme are located at the following
sites :
(i) Newport Pagnell
(ii) Willen
(iii) Broughton
(iv) Roxton -
(v) Blunham
- River Ouse
- River Ouzel
- Broughton Brook
River  Ouse
River Ivel
Water qua lity stations are located at the follow ing sites :
(I) Newport Pagnell - River Ouse and River Ouzel
(ii) Sharnbrook Mill - River Ouse
(iii) Bedford - Sewage Effluent
(iv) Tempsford - River Ouse and River Ivel
(v) Offord - River Ouse
(vi) Barring ton - River Rhee
(vii) Bottisham - River Cam
Additional stations are to be installed by the Anglian Water Authority at
Buckingham and at Olney , both on the River Ouse .
The monitoring stations use specific ion electrodes for measuring such variables%
as ammonia and nitrate and standard sensors for measuring dissolved oxygen , -
conductiv ity , tem perature and pH . In Figure 3 , an example of a DO record shows •
clearly the da ily oscillation of dissolved oxygen production and consumption
processes and the longer term fluctuations which are due to other variables such
as temperature and streamflow .
DESCRIPTION OF MINI-COMPUTER SYSTEM FOR DATA MANAGEMENT
The benefits to be ga ined from  a  m ini-computer data management system are as
follows :
(a) Im proved operational management . The system provides real-time (i .e .
imm ed iate) information on the quality of the river thus enabling pollution
officers to detect pollutions at an early stage and to respond quickly and
effic iently ;
(b) Dissem ination of information . Information on the present quality of the
rive r is available for operational management and daily , weekly and monthly
summaries made ava ilable for management reports .
..4
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(c) Optim isation of  capital  and revenue expenditure . A significant saving In  I I
capital expend iture and in laboratory and other running costs should be possible.
•
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Figure 3 Dissolved oxygen levels on Bedford Ouse (Tempsford Monitor)
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 July to December, 1978,measured at 4 hourly intervals.
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0 4
by the more efficient operationa l management of the sys tem . For example , it
would be unnecessary to expand the wa ter storage facilities at Bedford ( . 4(currently 18 hours hold-up time) as a reliable foreca st of pollutant loads
allows sufficient time to switch in alternative supplies from groundwater or
reservo irs . Also savings in operational costs can result if the time of a
pollution load can be forecast and treatment such as chlorination increased ro  401
match the arrival time rather than increased well in advance of the arrival;
(d) Lnproved understanding of water quality. Informa tion from the water
quality data would improve the understand ing of the river system and the effect  4404
o f water quality on the river ecology ; ka .
VII
(e) Accurate predictions of time o f travel and dilution factors. Given a model,.
of the river system it is possible to predict the time of travel of a pollution A I
load and the d ilution fac tors along a particular stretch of the river . This
assists the pollution inspectorate to assess the significance of pollution under1404
g iven conditions ;
410
(f) Forecasts of water quality . A model of the system can provide forecasts off,
key wa ter quality variables (nitrate , dissolved oxygen , ammonia , etc .) at
critical points along the river .
4,44 0
The success of the monitoring and fo recasting system depends on the reliab ility  k 41,_
of the instrumentation and telemetry hardware and the way in which the data are  1141
processed . At the most basic level of analysis it is necessary to convert the  ( 416.
instrument signals to meaningful concentration units. With the use of the m ini-‘11.
com puter is it possible to make these conversions conveniently and to provide
data listings , summaries and graphical output for operational management . On a  ( 11 10
more soph isticated level the computer can he prog rammed to forecast water
quality conditions using a mathematical model and hence prov ide advance warning  41,
o f the effects of pollution events .
( l b
Ia order to meet these requirem ents a DEC MINC computer system has been
installed at the Cambridge o ffice of the Great Ouse Area Office of the Anglian  (1 1110
Water Authority . The DEC MINC system incorporates a PDP 1123 (16 Bit) computer  ' lb
with 128k of store , a storage system based on 2 floppy discs (1 Megabyte of
store) , a visual display screen , togethe r with a keyboard , extensive ( 410input-output fac ilities and • software system capable of supporting a FORTRAN
coap iler. In add ition to the basic system a DEC writer was also required for
%listing data and a plotter for producing graphical output.
41 0Da ta are relayed to the centre at Cambridge where equ ipment is situated for
telemetry control, data processing and report production (Figure 1). The (
scanning of the flow gauges and wa ter quality monitors is com puter controlled
with th9 outstation telephone numbers , wh ich are held in computer memory , be ing
fed to the master station (au todlaller/receiver). After making contact with an (
outstation , data are transmitted and checked before being stored in the com puter'
memory for further processing . In format ion can be presented to operating staff
in several forms and data summaries , alarm messages and graphical displays are (
available on e ither the printer or on the visual display un it. The compu ter
system can be operated hy staff not qua lified in computer science and the
Institute of Uydrology have dev ised an interac tive system wh ich prompts the users
into selecting options which appear on the visual d isplay un it.
An im portant function of the m ini-com puter is the sto rage of data and this is
ach ieved uAlug the two double density floppy d iscs ca pable of storing several
week 's data for all the mon :toring stations. Data stored on the floppy d isc s
can be retrieved at any time for d irect listing or for the ca lcu lation o f
summary sta tistics such A i W illy mean , maximum , min im um and 95 percentiles . The 11
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logg ing program on the micro-computer allows the acqu isition of both analogue
data (ie measurements from wa ter quality instruments) and d igital signals
related to equipment status (eg pump failure). Comparison of data with preset
alarm levels enables warning messages to be given in the event of a pollution
incident. Given such warnings the situation can be investigated using the
mathem atical model to obtain forecasts of flow and wa ter quality up to 80 hours
ahead , given certain assumptions on the upstream conditions during the forecast
10 period .
10 The options available on the mini-com puter system are selected using a sim pleinteractive system by which the operator is prompted to answe r questions
10 d isplayed on the screen . The options available may be summarised as follows:-
II Start logging : which allows the operator to start the co llection and storage ofdata from the outstations at predeterm ined times. The logging program also
40 converts the instrument signals to river flow or concentration units , allows forcalibration factors and prints out alarm level messages , equipment status and
40 daily statistics.
41 Interrogate outstation : which allows the operator to interrogate any outstations
o f his her choice immediately . This is particularly use ful if a pollution
40 inc ident has occurred, or when installing and ma intaining instruments .
40 Plot data : which provides the operator with a choice of various graphical
presentations of data on the visual display screen . Plo ts may be obtained for
410 the data collected at any outstation .
Edit master file: which allows the operator to create or edit the masterfile
which holds all the fixed parameters describing each outstation 's configuration
and other attributes such as site name , telephone number , type of instruments ,
equations defining data conversions , calibra tion factors , alarm leve ls and
411 warning messages and equipment reliability.
Print master file : which allows the operator to list the contents of the
masterfile on the DEC printer .
Print d ial out statistics : which reports the number of successful and failed
dail out attempts for each outstation .
Print daily , weekly , monthl and annual summaries : prints the selected summary
(mean , maximum , minimum standard deviation, 95 percentile) on the DEC printers
• (See Table 2).
Run flow and water uality model: asks the system to run the flow and water
quality model using data held on disc .
Run impulse model: asks the system to run the impulse mode l using data supplied
111 by the opera tor on the type of pollutant (BOD, ammonia or conservative
pollutant) , pollutant flow rate, concentration and location of discharge .
411
List station data: prints the output da ta for a spec ified station (see Table 3) .410
The prog rams for all these options have been written in standard Fortran so that
the system can be easily mod ified as water authority requirements change or can
be transferred to other computer systems .
Date
Monitoring , management and forecasting on the Bedford Ouse
TABLE 2 Summa ry of daily data (Current data at Barrington on Friday
21 August 1981
Instrument 'n' Minimum Maximum Mean Standard 95 Per'ile
devia tion
Dissolved
oxygen 7 48.8 105.1 75.9 22.70
Temperature 7 14 .0 15.5 14 .6 0.51
Conductivity 7 869 .1 957 .0 927 .7 33.35
Ammonia
(as N) 7 0 .04 0.04 0 .04 0.00
PH 7  7 .7 8 .3 8 .0 0 .21 
TABLE 3 List of station data (Data logged to date for Barrington on
Tuesday 22 September 1981 11-00-39)
Time Dissolved Temperature Conductivity
Oxygen
(% saturation) (centigrade) (u siemens)
Oi00 50 .00. 15.60 947.21
1120 64 .06 15.79 966.7419 .8 .81
19 .8 .81 1149 66 .79
19 .8 .8 1 1216 71.48
19.8 .81 1219 72.26
19.8 .81 1224 73 .43
19 .8 .81 1234 75.78
19 .8 .81 1239 76 .95
19.8 .81 1244 76 .56
19 .8 .81 1249 77.73
15 .79
15.79
15.89
15 .89
15 .89
15.89
15 .89
15 .89
MODELLING FLOW AND WATEP OUALITY
d(KO)
_ = (I - 0 )
- dT
966.74
956.97
956.97
956.97
956.97
956.13
956.97
956 .97
113.3
15.5
982.7
Units
sat
centigrade
u siemens
0.04 (mg/1)
8 .3
Ammonia pH
(as N)
(mg/1)
0 .04 7.73
0.04 7.83
0.04 7.86
0.04 7.88
0.04 7.89
0 .04 7.89
0.04 7.93
0.04 7.83
0.04 7.99
0 .04 7 .95
The model developed for the Ouse Is an opera tional model and is therefore
designed to use time varying input (upstream) measures of flow and water quality ' (1
to compute time varying output (downstream) responses. The model cha racterises
the short term (hourly) system behaviour and provides a mathematical
approximation to the physico-chem ical changes occurring in the river system .
The structure of the model developed for the Bedford Ouse is shown in Figure 4;
a multi-reach flow model is linked with the water quality model so that flow
quality interactions are incorporated directly. A detailed description of the
flow and quality model is provided elsewhere (Wh itehead et al 1980, 81), a
summary is inc luded here . The model is based on a twenty reach representation
of the Bedford Ouse river , (see Table 4) in which each reach is characterised by
a number of icompartments . The model for flow variations in each compartment Is
based on an analogy w ith the mass balance equations for the variations in
concentration of a conserva tive pollutant under the assumption of uniform mixing
over the com partment. Alternatively , the model may be viewed in hydrological
flow routing terms as one in which the relationship between inflow I, outflow Q
and storage S In each compartment is re presented by the equation:
(1)
where K Is a travel time or res idence time parame ter wh ich varies as a function
o f stream veloc ity as follows :
•30i
•
•(5
•
C.
( •
411
411
•
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0
K
UN
(2)
101  where N is the number of compartments in the reach , L is the reach length , and
U , the mean flow ve locity in the reach , is related to discharge through :
•
U  ri a Ob (3)
ell TABLE 4 List of reach boundaries
• Reach
boundaries
Length of reach (m )
400 Newport Pagnellto 5200
• TyrIngham Bridge
to 3000
0 Ravenstone Weirto 4800
101 Olney We irto 4000
• Lavendon Weir
to 4800
0110 Turvey to 5300
400 Harold Weirto 8040
400 Felmershamto 8850
401 Stafford  Bridgeto 6260
do Oakley Weirto 3370
•
Clapham (AWA Absraction)
to 3220
•
Bromham Weir
to 4000
•
Bell End Weir
to 5150
•
Cardington
to 2080
•
Castle Mills
to 3680
•
WIllington
to 2240
•
Barford
to 4320
•
Roxton
• to 7200
41 Eaton Socon
to 4000
41 St Neo ts
to 2080
41 Offord (AWA Abstraction) 
41 In order to evaluate the Bedford Ouse velocity- flow relationships , a series o f
tracer experiments has  been conducted  on the river. A known mass of iod ide was41 injected Into the river and the Iod ide concentration determ ined at one or more
selected locations downstream either continuously us ing selective ion detection41
UPST REAM C HLO ROPHY LL a
IN PUTS ROD
DO
F igu e
E FFLUENT FLOW
RIVER FLOW
4 Schematic
SUNLIGHT
TEMPERATURE
MODEL
PA R A M ET ER S
PHYSC O - PH YSICO -
CHEM ICAL C HEMICAL
MODEL MODEL
MULTI REACH CHA NNEL FLOW MODEL
Ru NOFF i
RAINFAL
representation of dynamic
SUNLIGHT SUNLIGHT
TEM PERATURE TE MPERATURE
MODEL MODEL
PA R A MET ER S PARAMET ERS
FLOW
PH YSIC° . ACHEMICAL
MODEL
DOWNS - REAM
A SOD
DO
(
0 4DOW NST REAM
FLOW
•
•
%
A (
•
STOC HASTIC - W HIT E NOISE IN PUT ( %
11 /
flow and water quality model.
•
11
•
•
•
6"
306 M ICILIL AD , D .E. CADDY and R.F. TEMPLEMAN
equ ipment or by sampling the river water and subsequent analysis of the samples
at the Institute of Hyd rology (see Figure 5) . Us ing in formation on velocity and
flow rate from these experiments and on earlier experiments conducted in 1975,
41, the parameters in equation (3) have been determined as follows :
a 0 .045 and b = 0 .67
G iven information on upstream and tributary inputs , the flow routing model
simulates stream flow by solving equation (1) with K defined through equations
(2) and (3).
The water quality models for the Bedford Ouse are simila rly based on a mass
ba lance princ iple hut include factors to allow for the non-conservative nature
of water quality variables . For example dissolved oxygen in the river is a
balance between the various sources and sinks of oxygen . On the one hand there
411 is oxygen supplied by the reaeration from the atmosphere  and  photosyn thetic
oxygen produced by plants and algae and , on the other hand , oxygen is being
consumed by respiration processes and the removal of oxygen during the bacterial
breakdown of organ ic material and effluents. The mass ba lance equa tions
developed to simulate water quality behaviour are as follows:
•
Chloride
AP
• where x refers to the downstream (reach output) concentra tion mg/1;
0 u refers to the upstream (reach input) concentration mg/1;
•
•
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Q is the flow rate (determ ined from the flow model) and V is the reach
volume ;
S refers to the additional sources and sinks affecting water quality such
•
as the net rate of add ition of DO in the reach by photosynthetic/
respiration activity of plants .
41 Cs is the saturation concentration of dissolved oxygen .
The model has been programmed to run in two modes .
(I) normal operating model, in wh ich information on upstream input flows and
quality are taken from the outstations and forecasts produced for all
downstream reach boundaries up to 80 hours ahead . Because of the
• cons iderable travel time on the river, downstream forecasts are based on
measured upstream flow and quality . It is necessary , however , to forecast
upstream conditions to provide reasonable forecasts for the upper reaches.
• Techn iques for this are given in Whitehead e t al (1979).
(2) Impulse mode , in which the operator can supply information on an upstream
impulse discharge of  a  conservative pollutant, ammonia or BOD . The6 resultant simulation uses 'the current flow and river quality data and
simulates the slug of pollutant moving down the river system . Again
forecasts up to eighty hours ahead are available at all of the twenty reach
boundaries .
It is assumed that weather cond itions remain stable during this forecast41 period . It would be possible however to link existing rainfall gauges into the
telemetry scheme to forecast flow and quality .
Figure 6 and 7 show a typical simulation in Impulse mode . The output data from
the model can be plotted either as a profile down the river at a specific time
or else as a function of time at any selected reach boundary. Thus if
information on say the location of the minimum is required the river profile
would be plotted . If, however , it is required to know the likely time of1, arrival of a slug of pollutant at a given point the time—concentration curves
would be plotted .
CASE STUDIES
(a) Milton Keynes Effluent
41
The operational aspects of the model have already been tested in a real
11 situa tion when Bedford Sewage Divis ion reported a loss of oxidative treatment at
the Cotton Valley Sewage Treatment works and effluent containing elevated levels
111 of ammonia was discharged into the river at Newport Pagnell . In order to
protect the water supply at Bed ford (Clapham abstrac tion) information was
required on the likely ammonia concentrations at Clapham and the time of arrival
o f the pollutant . Simulating ammonia using the model ind icated an arrival time
•
of four days with concentrations of ammonia of 1.2 mg/1 at Clapham . The
observed levels at Clapham were 1.12 mg/1 and the arrival time was 4 days 2
•
hours . In this situation the model provided valuable information for the
management at the Clapham water abstraction plant and gave them effectively a
four day warning .
•
(b) Bed ford Effluent 
40 The second case study relates to the release of unsatisfactory e ffluent from
Bed ford sewage works which resulted In a significant pulse of ammonia being
Mon itoring , man agem ent and forecasting on the Bedford Ouse
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discha rged to the river. Again- runn ing the model in an impulse mode gave
reasonable forecasts of ammonia and dissolved oxygen concentrations down stream
at Tempsford (see Figure h).
In both these situations information of value to pollution inspectors has been
prov ided using the computer programs , monitoring and telemetry system . Such
forecasts are o f operational use and the flexible computing system installed on
the Reford Ouse is essential if full use is to be made of the co llected data.
FUTURE  DEVELOPMENTS IN WATER QUALITY MONITORING
Considerable experience has been acquired over a number of years by the GreatI Ouse River Division of the Anglian Water Authority in the operation of au tomatic
continuous water quality monitors . This experience has revea led theID difficulties associated with operating ex isting monitors in the field , namely
the fouling of electrode membranes with consequent signal drifting , difficulties
I ,
 in calibration and electrical interference . Since the AWA instrumenta tion is
due for replacement over the next two years and additional stations are40 required , it was decided to initiate a study to develop a new intelligent
m icro-processor controlled pollution monitor .41
The advantage of a micro-processor is that the distributed intelligence can be40 used locally to prov ide fac ilities such as data logg ing , automatic sensor
calibration and cleaning local processing of data and control of pumps .410
41 Desc ription and Instrumentation
41 Figure shows the front panel of the instrument . The water sample from the
41 monitored stream is pumped to the equipment housed in a cubicle on the bank andin-line filtration is provided . On a timed basis, the complete sampling line is
41 automatically cleaned by reversing the sample pump and blasting the intake line
with compressed air to dislodge any undesirable accumulations of solids and
41 growths . In a sim ilar way automatic cleaning of the sensors is achieved .
41 The pre-amplifiers and sensors used are of proven quality and obtained directlyfrom commercial sources . The variables to be monitored include pH , dissolved
41 oxygen , temperature , electrical conductivity , ammonia , and nitrate . However ,
the general design accommodates other sensors and pre-am plifiers as they are
•
developed .
41 In order to compensa te for drift in performance sensors are periodically taken
off-line, typically four times a day . After automatic cleaning they undergo
41 standardisation against two levels of analytes of known concentration .
Automatic resetting of the pre-amplifier output occurs to com plete the automatic
•
calibration cycle .
41 Facilities are included to record and report features of the monitor's status
such as
•
(i) the rate of change of individual sensor output ;
• 0 0 the stability of signals i.e . instrument noise ;
(iii) temperature control;
• (iv) reagent levels ;
(v) performance of com pressor and pumps ;
• (vi) leaks in pipe-work ;
(vii) performance of control valving ;
• (viii) power supply status.
41
41
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The d irect contro l of outstation processes from a master station would be
possible thereby making considerable sav ings in journey times and costs .
Ano ther novel fea ture wou ld be the provision of a speech output at the central
control station . The master station could be telephoned or could telephone
g iven numbers in the event of pollutions . A true spoken message of the rivers
status could be g iven in any requ ired language .
The new instrument is currently undergo ing development and should be ava ilable
for detailed testing in 1983.
CONCLUS;ONS
A m ini-computer has been used to aid management in the operational control o f
water quality . The system developed for on line monitoring and forecasting has
been generalised so that it is applicable to a wide range of telemetry schemes
used within the water industry . The interactive programs allows for easy
operational application and are designed for use by river managemen t.
The data management system prov ides an efficient means of logg ing , converting
and storing data . At the same time the models yield forecasts of flow and water
quality at key locations along the river . Finally the new 1H water quality
monitor will enhance the reliability of water quality monitoring systems and
toge ther with the central mini-computer and telemetry control provide a cost
effective tool for operational management.
Such status informa tion is stored In the monitor's local memory for loca l output
•
and telemetric relay to the central master station . When polluting cond itions
are de tected the instrument is capable of checking the performance of Its
sensors in order to verify that the initially transmitted alarm is not really an
instrument fault.
The des ign o f the automatic chem istry unit housed in a constant temperature bath •
is already proven in respect of unit com ponents. However, in assembling these
components improvements over the performance , reliability and cost of existing •
instrumentation can be achieved . Examples of this integrity o f design include
the prov ision of "standby" heaters and pum p motors capable of automatica lly
taking over from "duty-units" should the latter prove faulty.
 
The positive features of the monitor's control de pend on the advanced
micro-electronic components and prog ramming techniques used . Initially a rack
of Furo-card standard electron ic circuit hoards is to be used . The cost of th is
section and of the pre-am plifiers would be further reduced eventually by
re-configuring com ponents on fewer and more compact boards . ( •
•
All automatic processes such as the control of displays and telemetry and data
handling are m icroprocessor driven . The process electronics are connected to a  ( 4,
battery capable of supporting the log ic for at least three days should mains
power be lost. The programm ing is peformed using a threaded interpretive 4,
language , based on "Forth", a new programm ing technique which can allow a large
(
reduction in development time compared with previous practice .
(0The memory is capable of storing data on hourly concentrations of pollutants and
all status information . Output at the station or at the central station would
be via robust alpha-numeric displays and via low cost matrix printers . ( 40
Graph ical and num erical output would be available suitably referenced to time ,
concentration un its , site and variable name . Should the matrix printer fail ,
data would not be irrevocably lost, as in the case when more ex pensive
(continuous analogue recorders malfunction .  40
••
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In troduction
This use r manual sets out how to use the Bed fo rd Ouse Water Qua lity
Model and to display the results using the built in graphics package on the
The Bedford Ouse is modelled in five sections , each sec tion is
subdivided into a number of reaches. A list of reach boundaries is given
in Ap pendix I.
The model consists of a series of interactive forms and menus. At each
stage of the model run , the user can edit or ammend data to his/he r
satisfaction before allowing the mode l to continue.
The fo llowing sections set ou t, in a logical order, how each of the
forms and menus should be used. At the end of each section , an example is
g iven to demonstrate the instructions given in the previous text.
Setting Up the data for a model run
The Bedfo rd Ouse model is driven by a combination of menus and forms.
This means that the user inputs the information by selecting options
from a list.
2.1 Menus
A menu is a list of numbered options from wh ich the user must select
the number which represents the action required . The main menu is the one
to which the mode l returns after comp leting each stage of a run. This
allows the go through the required sequence of actions , ommitting any
stages which are not necessary , to a comp lete a model run and to plot the
data output from th run.
The user may se lect options in two ways
iii) Entering Numbe rs
2.2 Fo rms
Using the Cursor
The cursor can he moved up and down the screen using the up/down
arrow keys on the righ thand side of the keyboa rd. When the cursor
is level with the option required , the user must press the return
key to se lect th is op tion.
If the user types in the number of the op tion required, the cursor
will move to that number on the sc reen and the option will be
execu ted by pressing the return key.
A form screen is used to define parame to rs. It consists of several
questions with a space (data fie ld) after it into wh ich the value of the
parameter is typed. lf the re are severa l poss ible answe rs, a list is
usually given from which a value maybe chosen paramete r. If no options a re
listed, the user may input any reasonable value.
There a re several ways tn wh ich the user may input a value in the da ta
field .
(41
••
ID
40 These can be used to increment and decreme nt any parameters which have
411
a limited number of values. The  PF2  key is used to increment a variable by
one unit for each depression - the  PF 3  key decreases the value in the same
• way .
11
example Sections to run? [ ALL] ALL ,  123 , 345 , 1 , 2 , 3 ,4 OR 5.
40
41 If the  PF2  key is pressed, the value will change from 'ALL ' to  ' 12 3 ' .
If the  PF3  key had been pressed, the va lue would have become  ' 5 ' .
Thus, with these two keys, it is possible to s tep through each available
41 option.
ID
ii) Typing in the values or options
ID
• This may be done by typing a value in any part of the data field and
AD pressing the return key . The new value then w ilL overw rite anything
currently allocated to the variable.
• example Entry Point? [ 1.01] Brackley
If the users edits the data field .
•
• Entry Point? [5 1.0 1] Brackley
•
•
‘•
:411
Using the  PF2  and  PF 3  keys.
When this value is ente red it will show :
Entry Point? [ 5 .0 11 Roxton .
If the user wishes to input a word, it is not usua lly necessary to
type the whole word because the model recognises the first letter and will
automatically assume the remainder of the word eg . if the letter  ' F ' i s
typed in, the model will recogn ise that to be  ' F l ow ' .  In this instance  i t
would also be possible to type 'FL ' or 'FLO '.
In order to move to the next line of the form , the user may press
e ither the RETURN key , the T AB key or the up and down arrows which move  t he
cursor. The cursor can be used to access any line on the form by us ing the
arrow keys as necessary .
Once the user has edited a form screen to h is satisfaction, he may
proceed to the next stage of the model by pressing the PF I key - the mode l
will e ither return to the main menu , produce the next form , or plot the
final graph .
If the user wishes to abandon a form at any stage he can press PF4 key
which wiLl return the model to the main me nu without processing the
information on the form .
2.3 Error Messages
The Bedford Ouse model incorporates a comprehensive set of error
messages. Thus, if inva lid information is input to the model, it is
detected and an error message appears immediately the user attempts to
enter it into the model run.
The e rror messages appear at the bottom of the screen, accompanied by
a bleep, they expLain the nature of the mistake and prevent the user from
continuing until a va lid value is input. The mis take is corrected by
simply typing a new 'value over the incorrect one .
41
40
41
41
0
4I
0
4,
ID
4,
4,
ID
4,
lb
Con trol Functions
There are several control functions available on the Bedford Ouse
model. They are used by pressing the control key at the some time as
pressing another - key usually a letter. eg 'contro l + W ' means press the
control key (the key marked 'CNTL ' on the left hand side of the keyboard )
and the 'W ' key simultaneously .
The follow ing functions are available:
Control +  W -  rewrites the screen if it becomes corrupted. ie if
characters appear on the screen when they should not.
ii) Control + E -  erases  the cha racter that the cursor is currently
centred upon.
iii) Control + R - shifts the curser one place to the righ t, inserting a
blank space .
Control + T - e rases the current data he ld from the current position
the curser to the end of the fie ld.
vi) Control + Z displays a se lection without enetering it into the
mode l. It will invoke error messages wh ich would
appear if inco rrect da ta wa s entered.
v ii) Con tro i  4- th is accesses the HELP system wh ich is ava ilab le
during plotting routines. It lists options for
ce rtain parame ters a nd i: shows wh ich reaches and
profiles are available t i he ploted. Once in HELP ,
the use r is given prec ise instructions on its usage .
The user can erase characters using the key (th is is the key
marked 'DEL') this function de letes the cha ractn r immediately before the
cu rsor. If the key is kept drepessed, it w ill continue deleting along the
line.
Running the Bedford Ouse Model
To begin the Bedford Ouse Mode l, the MINC- 11 should be switched on at
the terminal and at the disc drive.
0 7-FEB-86
The screen w ill then show a time prompt:
Time [hh:mm :ss ]?The use r should input the time in the format:
14:22:30
The screen will then display :
14:22:34 Fri 07-Feb-1986
Mount WQMW data disc indrive 1 and press RETURN -
Th is comple tes the initialization of the model, the run will then
begin and the main menu will appear on the screen
te
•
•
•
Ma in Menu
The ma in menu is the po int to which mode l retu rns after comp leting
each stage of a run . From the menu , the user can contro l the run and
access the data be ing used to ed it it if requ ired .
MULTI-SECTION RIVER OUSE FLOW AND QUALITY MODEL MAIN MENU
fl Setup parameters for model run
fl Force run of SETUP PART 2 program
fl Force run of SETUP PART 3 program
Li Run selected model program
0 Plot •odel output program
Exit menu
Select required program
keys, then press the
re-dr?, the screen.
Re-boot RT-11 system
umber
ETURN
or with the and
key to run it.
DOWN
ontrol-
cursor
will
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Genera lly a complete model run consists of three stages:
Setting up the parame ters (Option 1).
ii) Running the mode l (Option 4).
iii) Plotting the results (Option 5) .
Each of these stages must be initiated by the user.
Th e options available a llow the use r to enter any stage of the model,
thus he/she may skip certain procedures which are not needed for a run .
The details of each option are explained in this section .
4.2 Setup Parmeters for Model Run (Op tion 1)
Th is option consists of three setup forms for the user to complete :
Setup Part 1 this form allows the use r to select the
mode l run he wishes to perform . Once the parameters
have been defined , the user may proceed to be next
form by pressing the PF1 key .
Setup Pa rt 2 - this form allows the user to control
the usage of the data files depending on the nature of
the data ava ilable. Once th is has beea completed , the
PF 1 key will access the next form.
iii) Setup Part 3 - this is the final stage of the setup
procedure, and a llows the use r to edit any data he
wishes to change . Once this is completed , the main
menu is returned to the scree n.
4.2.1 Setup Part I
) Sections to run?
The user is required to de fine which section of the river he/she
wishes to mode L. This is done by se lecting one option from the list
•
•
d"
given. The options cover all the combinations of river sections wh ich can
reasonably be modelled.
ii) Type of run?
The user may choose either the flow model or the impu lse model:
a) Flow - This option predicts the flow and quality along
the selected river section based on the most recently
available data. If this oPtion is chosen, the use r
may igno re the remaining pa rameters on the screen and
proceed to Setup Part 2.
b) Impulse (option A , B , or C) - this mode ls the effect
of the input of a pollutant to the rive r at a
particular point, over a specified length of time .
The option selected by the user specifies the nature
of the pollutant:
Lit) Du ration
Redundant for flow mode ls.
- ammonia
- biological oxygen demand
- conservative
This parameter allows the user to specify the duration* of the
po llu tant input ie. the length of time ove r which it was discharged into
the rive r.
The time is input in units of 8 hours eg . 2 - 16 hours .
iv) Concentration?
Redundant for flow mode ls .
The use r must input the concentration (mg/X) of the po llutant being
discharged into the river.
s) Flow Rate?
Redundant for flow mode ls.
The user inputs the rate (cumecs or m3/ sec) at which the pollutant is
being discharged into the river.
vi) Entry Point
Redundant for flow models.
This a llows the user to specify the point at which the pollutant is
discharged into the river. The location is referred to using the number of
the nearest named reach , these are listed in Appendix 1.
•Example.
This form has been set up to run the mode l on sections 1, 2 and 3 of
the river. The mode l will deve lop an impulse mode l for an ammonia
discharge at Slapton which last 16 hours with a flow rate of 40 m 3/s with a
concentration of 50 mg/1 .
A diagram of the River Ouse, with the section numbers labelled , is
shown on the bottom half of the screen. There is a lso a list of the
reaches immediately ups tream and downstream of the impulse. The reach
which has been named as the entry point for an impu lse is written in black
with a white background .
MULTI-SECTION RIVER OUSE FLOW AND QUALITY MODEL SETUP - PART
Sections to run ? I
Type of run ?
Duration  ?
Concentration ? I
Flow rate ? I
Entry point 7 [
2.01 Sewel
2.02 Stanbridgeford
2.03 Eaton Bra
2.05 Grove Lock
2.06 Linslade
2.07 Leighton Lock
r Done, igo Increment/U
or ijo  =Exit Also : tiJfl Sj
and Control+
BB
., FT
•ETO N
1.01 to 1.10 Ousel
2.01 to 2.18
3.01  to  3.17 2  
4.01 to 4.16
5.01 to 5.08
= Decrement/Down
, Tab URSOR keys
E, R, T, X and Z
123] 02i , 106,0,  i s 0 or  0
AMMONIA] W ow or impulse  (4 , 0  or 2)
Data required for IMPULSE runs
2.1 Periods of 8 hours
50.001 Ammonia discharge (mg/l)
40.00] Cumecs
2.041 Slapton
3
Flit
Eliz-- 1 I 
—1  
ilvel 5
lo) NERC Institute of Hydrology 1985—I
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4.2.2 Setup Part 2
Maximum Time Difference?
In order to obtain sensible results , the model mu st be run with a
coherent da ta set. This means that data from the outstations used to run
If no va lid data is available, within the time limit specified , the
mode l will substitute the average annual values.
0
•
•
The Maximum Time D(fference option allows the user to specify the
40
maximum difference between the data sets which can be tolerated. The mode l
will accept any value up to 16 hours. (40
(•
•
C..
•
•
the mode l for a particular section must have been measured at approximate ly
the same time .
Example .
•
To run the model for section 5, data from sections 3 and 4 are (•
combined. The results will there fore be meaningless unless both sets of
data were measured at the same time.
•
(41
40
If the data available for the sections is not  sufficiently  close in (41
time , the previous times w ill  be  scanned until the most recent sets of data
which are close enough in time are found. (41
Example
This form is set up for a maximum time difference of 5 hours. This
means that if data for a certain variable is not availale for a given time,
the nearest valid value within t 5 hours of the time will be substituted .
MULTI-SECT1ON RIVER OUSE FLOW AND QUALITY MODEL SETUP - PART
The multi-sectional model uses input data to the five sections
(one of which is split into three subsections) which is obtained
from data collected by the outstations monitored by the MINt
PDP-11/23 mini-computer (where this is not possible, mean yearly
values are used).
To run the model successfuly this data has to be related in time
between sections and through the twenty records required for
eaCh section. The •aximum tine difference is presented here for
uty . f n  4Iter. the default is five hours, arn;  4‘ , a
hew time tn the range of 1 to 16 hours.
lpg  =Done,
Also
Maximum time difference ? 05:00I
F2
ELETE
= Add an hour, =Subtract and hour or An  =Exit
keys and Control+ W, E, R, T, X, ZCURSOR
--rBB (c) NERC Institute of Hydrology 198
4.2.3 Setup Part 3
i) Section being edited?
The user must specify which section of the river he wishes to alter.
It is not possible to edit sections which are not being used for the mode l
run.
ii) Fo r each section of the river be ing mode lled, ten records are used
to supply data for each reach of river over a period of time. The user may
choose to change any parameters in any of the records for the section being
edited .
The records for each reach are numbe red fro 1 to 10, the tenth record
being the mos t recent data available.
The  va riables in  a record which  is  to be edited  a re listed on  the
screen with their existing values displayed. The variables given are :
Flow (cumecs)
Conservative (mg/X )
Nitrate (mg//)
Ammonia (mg/I)
Dissolved Oxygen (mg/I)
Biologica l Oxygen Demand (mg/I)
Temperature (Centigrade )
•
•
•
•rEB
Also
F1
ELETE
12
ETURN
Done. Increment,  MU  = Decrement or  110  = Exit
URSOR
 
keys and Control• N. E, R, T, X and Z
(c) NERC Institute of Hydrology 19135-i
4.3 Force run of SETUP PART 2 program (Op tion 2)
The user may wish to run the mode l several times using different
parameters for each run. To do this it is possible to enter the setup
routine at different points to give access to certain variables without
having to start at the beginning .
This option allows the user to enter the program at Setup Part 2 (see
Section 4.2.2). The model then continues onto Setup Part 3.
4 .4 Force run of SETUP PART 3 program (Option 3)
This is the same facility as Section 4.3, except it allow s the use r to
enter the model at Part 3 (see Section 4.2.3).
4.5 Run Selected Model (Option 4)
This section of the model is not interactive. Once the option has
been se lected, the 'Please Wa it' prompt is displayed and the numbe r of the
reach being processed is shown in the top left hand co rner of the screen.
menu .
When the model has completed its run , the screen returns to the main
•
c
.
4.6 Plot Mode l Output Program (Option 5)
1) Data Source?
This option a llow s the user to specify the type of plot he/she wishes
to produce . It is possible to plot either flow or impulse mode ls
separately , or both together on the same graph.
If the user attempts to plot a mode L which has not been run fo r the
current data set, the resulting graph will use the previous data set.
ii) Determinand?
This allows the user to specify which variable he/she wishes to plot.
There a re several options available:
The options may be stepped through using the PF2 and PF3 keys, or may he
se lected by typing the first letter of the va riable name.
iii) Plot Type?
Th is may be one of two options:
Flow
Conse rvative
Ammonia
Nitrate
Dissolved Oxygen
Biological Oxygen Demand
Profile - a plot of the variation in wate r quality
characteristics at a selected instant in time, over a
specified length of river.
b) Reach - a plot of the variation in water quality
characteristics at a selected section of river, over a
spe cified time interva l.
iv) First reach for profile?
Redundant for reach plo ts
Th is allows the user to specify the number of the point at which the
profile plot is  Co  begin .
r)  Last reach for profile?
Redundant for reach plots .
This allows the user co specify the number of the point at which the
to be plotted by inputting the number of the nea rest named point on the
river.
viii) First time for reach plot?
Redundant for profile plots.
This is the time as spec ified in 4.6 (vi).
•
•
profile plot is to end.
vi) Time profile?
Redundant for reach plots.
•
•
•
0
In an impulse mode l, the time is taken to be the number of hou rs after
the input of the po llutant. In a flow model, th is is the number of hours
ahead from the present time (ie from the most recent data available) .
•
•
Th is allows the user to specify the time at which the profile is to he
plotted. (•
•
The time is given in units of 8 hour periods eg . 2 = 16 hrs . (40
vii) Reach for reach plots?
. 40
40
Redundant for profile plots. (  40
•
This allows the user to specify the point at which the reach mode :
He re the user may spec ify the time at which the mode L should begin,
again, in units of 8 hour periods .
1  The time may he anything between 8 and 80 hours (ie 1- l0 units) .
as above :
ix) Last time for reach plot?
Redundant for profile plots .
Here the user may specify the time at which the reach plot shou ld end ,
Auto scale Y axis?
Et. the YES option is se lected, the horizontal axis for the graph is
automatically scaled between the maximum and minimum values of the
determinand.
If the NO op tion is se lected , the user mil5: :hen specify the values he
wishes to be used for :he plotting (see below ).
xi) Y axis minimum?
Redundant if auto s ca le Y axis is
Th is a Llows the usy r to se lect the tH r the Y  I v i
xii) Y axis maximum !
Redundant of autu  I l e  Y axis is Yu.
Th is allows the use r to spec ify the lue far the Y a x i s .
Example
The output produced from this form will he a graph showing the rive r
flow resulting from an impulse of ammonia (see the example for Section
4 .2.1). The plot will be a profile between Brackley and Barford taken 8
hours after the impu lse. The y axis will automatically be scaled between
the maximum and minimum values of the flow .
MULTI-SECTION RIVER OUSE FLOW AND QUALITY MODEL PLOT
Data source ?
Determinand ?
Plot type ? I
First reach for profile ? I
Last reach for profile ? I
Time of profile ? I
Reach for Reach plot ? I
First time for Reach plot ? I
!ast tine for Reach plot ?
Auto scale Y axis ? I
Y axis maximum ? I
Y axis minimum ?
Also
BB
F1
ETUPN
F2
DELETE or _UPSOP
n Plot,
TAB
Control+)
IMPULSE) Alow, & pulse or poth
FLOW) Flow
PROFILE) k ofile of river or each
1.01) Brackets
3.173 Barford
13 1 to 10 (eighty hours)
1.01) Brackely
1) 1 to 10 (eights hours)
103 1 to 10 (eighty hours)
YES]  Oe s  or  lo
41.003 Cumecs
0.00) Cumecs
Increment, ill = Decrement or  A O  = Exit
keys and Control+14, E, R, T. X and Z
may be used to obtain the HELP menu)
(c) NERC Institute of Hydrology 1985—
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•
•
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4.7 Exit Menu (Option 6)
This gives access to the operating system for the Minc II. Usually
this option is reserved for debugging purposes only . If this option is
selected, the prompt will be a '. ' and the user may return to the main
menu by typing 'R MENU ' .
4.8 Re-boot the RT-11 system (Option R)
This allows the system to he completely re-initialised . Again, this
w ill not norma lly be needed for normal use of the mode l. When this option
is selected , the system will return to the stage described in Section 4 ,
except the date and time will no t be requested again.
APPENDIX I
( •
Reach length of Name  o f Name  o f
Number Reach (m ) Re ach Rive r
1 .01
1 .02
1 .03
1 .04
3750 •
7250 .
2000 .
4000 .
Brackely
W es tbu ry
T in g e W iC k M il l
Bou rton B r id g e
OUSE
OUSE
OUSE
OU SE
1 .05 4500 . Thorbo rough M ill OUSE
1 .06
1 .0 7
4500 .
4250 .
Beacham p ton
S toney S tra tford W e ir
OUSE
OUSE
1 .08 2250 . Cosgrove Lodge Park OU SE
1 .09 7000 • N ew B r a c k n e l l OUSE
1 .10 2750 . Quarry Hall OUSE
2 .01 2000 . Sew •l OUSEL
2 .02 2300 . S tanbr idgeford OUSEL
2 .03 2250 . Ea ton Bray OUSEL
2 .04 2400 . Slap ton OUSEL
2 .05 1800 . Grove Lock OUSEL
2 .06 2200 . L inslade OUSEL
2 .07 ?on . Le igh ton Lock OUSEL
2 .08 2500 . Hea th M ill OUSEL
2 .09 2000 . S taplo ford M ill OUSEL
2 .10 2250 . P aper M ill Farm OUSEL
2 .11 1500 . W es tf ie ld Farm M ill OUSEL
2 .12 2300 , W a terh all OUSEL
2 .13 25(.0 . F enny S tr atfo rd OUSEL
2 .:4 ' , s o , w la ton OUSEL
2 .15 2500 . W au gh ton on th e Green OUSEL
2 .16 1900 . M il ton Keynes v illage OUSEL
2 .17 2200 . w il len W e ir OUSEL
2 .1 8 2200 . ::epem e r O USEL
2 .01 5200 . N ew po r t F ag ne ll OU SE
3 .02 2000 . "N .r ing h am B r idge OUSE
3 .0 3 4900 Revens tone H ÷ Ir OUSE
2 .04 4080 .
° In ev W e i r
OUSE
3 .05 4300 . L avend on M ill :le :r OUSE
3 .06 5300 . Turvey OUSE
3 .07 3040 . Harrold W e ir OUSE
3 .06 2850 . Fe lm er sh a::. OUSE
2 . 0 9 6260 . S tafford Br id ge OUSE
3 .10 3370 . Oakley w e ir OUSE
3 .11 :220 . C laph am OUSE
2 .12 4000 . Brom ham w e ir OuSE
2 .13 5150 . Bell End OuSE
2 .14 2080 , Card ing ton OUSE
2 .15 IJ93 . Castle m ill Cu SE
7 .16 2240 . w il lin g ton OUSE
2 .17 4720 . 8arfo r d OUSE
4 .0 1 -:500 . Ic kleford H IZ
4 .02 1'500 . 4 rlese y H IZ
4 .0 3
-" ' F l i tw ich FL IT
4 .04 12 50 . C l aPh i 11 FL IT
4 .0: :70o. Beadlow FL IT
4 .0 8 : on . Ch tchs and i FL IT
4 .0 7 2400 . Sheffo rd FL IT
4 .05 2750 . C lifton M an o r FL IT
4 .09 120 :) . R adw el l Iv EL
4 .1: 2000 . T to tfo rd IvEL
4 .1 1 1300 . A s tw ick I'v EL
4 .12 5000 . Hen low IvEL
4 .13 4500 . Langford M il l
Iv EL
4 .14
4 .15
3750 .
4000 .
S iggle sw aoe
Seeston
IV EL
IL1EL
IV EL
4 .1e
5 .0 1
2750 ,
7500 .
B lunham W e ir
Rox ton
OUSE
OUSE
5 .02 4000 . Eaton Socon OUSE
5 .03 7250 . S t. N eo ts OUSE
5 .04 4000 . Offord OUSE
5 .05 7750 . Brarno tOn OUSE
5 .06 i25013 . w y ton OUSE
5 .0 7
.0:'
4000 .
4500.
c t. Ive i
Holyw e ll OUSE
SECT ION 3  - MODELLING HEAVY METALS IN RIVER BASINS - THE RIVER TAWE STUDY
MODELLING HEAVY METALS IN RIVER BASINS
9 .1 Introduction  
The heavy metals study has been undertaken to investigate the
movement, distribution and modelling of heavy me tals in river systems . A
considerable data base has been established for the River Tawe in South
Wales and important background information and da ta analysis is presented
ebeo kexe  ( G,A0 -4 l ecd e t- oml IWO
Figure 3.1 shows the section of the River Tawe modelled , the main
tribu taries and the two Welsh Wa ter Authority gauging stations. For
modelling purposes the section has been d ivided into four reaches which
were chosen to coincide with the sampling sites of the Welsh Water
Authority and the 5-week survey described elSri..,ker-e These sampling
sites themselves were chosen to isolate the major effluents that enter the
River Tawe . The reach structure together with the main effluents and
tributaries is shown schematically in figure 3.2.
3.2 The catchment flow model
3.2.1 Main Channel model
A detailed description of the flow model is provided in Whitehead et
al, 1979, a summary is included here. The mode l is ba sed on a multiple
reach representation of a river in which each reach is characterised by a
number of compartments. The model for flow variations in each compartment
is based on an analogy with the lumped parameter e quations for the
variations in concentration of a conservative pollutant under the
assumption of uniform mixing over the compartment (Whitehead et al, 1979).
Alternatively , the mode l may be viewed in hydrological flow routing terms
as one in which the relationship between inflow I, ou tflow Q and storage S
in each compartment is represented by the differentia l equation
dS
= I - Q
dt
(3.0
( 0
•
( •
•Figure 3.1 Map showing the modelled section of the River Tawe
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/.lnstituteof
Hydrology River \\
Sampling Sites
\
404 4 0•4
t S C Vokor .it n /gate Wort s)
444
. .— r oom CsIcorrowo Sowoctor t
71124 1f l a S T OW ,
6%.
La ,
4
F
Ov,
weg.
a t
I nCO M urOOSOA
u nol of ( mor on s. l oess Sornomfq Son 0
Poot trelssto Mood & d o,
Prosc osol Soo fat h ood Tra n s S T W
Oa st La • 3 GIs. 11.3.090
•
3
Tro soot Sow n .
' Trostroont W ort s
i
a 20
S9•0 c. 0 S I 2S 00 0
Nootl e 4 Y on ion s 's Gs. e ng Sw oon
• 9 S C f • i.nor• 0 0 4 00
04222.4 1r 4 0 • 2.12172• 21 Arm
• sdoenr oa Rood Bridge
it f cto.f .. 9 otoronso Zone )
k onl - - Sowl roo
• Landon Snag*
Rrose S Wir til So l one V
• Y ar n en ie w s
2 f oodrocl
U
P
P
E
R
C
L
Y
D
A
C
H
L
O
W
E
R
 
C
L
Y
D
A
C
H
 
N
A
N
T
-
Y
•
 
F
E
N
D
R
O
D
P
O
N
T
A
R
D
A
W
E
1 
2
T
R
E
B
A
N
O
S 
S
T
W
 
IN
C
O
 
E
F
F
.
 
V
E
L
IN
D
R
E
 
E
F
F
.
F
ig
u
r
e
 
3
.
2 
R
e
a
c
h 
s
t
r
u
c
t
u
r
e
 
fo
r
 
t
h
e
 
R
iv
e
r
 
T
a
w
e
3 
4
L
A
N
D
O
R
E
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 e
'
e
w ith
= KQ
where K is a trave l time or residence time paramete r. If K is fixed ,
then this does no t a llow any variation in travel time with flow ; to
achieve th is , K is expressed as
K (Q ) =
where N is the number o f compartments in the reach , L is the reach
length , and U , the mean flow ve locity in the reach , is re lated to
d ischarge through
1  = aQb
where a and b are coe fficients to be estima ted . The resu lting
differentia l eq uation to be so lved is then
ci .12
dt (I-Q ) (3.4)
The va lue o f N a ffects the re lative impo rtance of floodwave advection
and dispe rsion in a reach ; va lue s o f N , a and b can be determined by
:a libration using an observed record o E downstream flow .
In the case o f the River Tawe a large number o f simultaneous
ve loc ity and flow measurements existed covering the period 1979- 1982 ,
fo r each of the reaches of interest . A simp le reg ression o f the
logarithm o f ve locity against the loga rithm o f flow gave a very good
fit fo r all reaches from which the a and b pa rame ters de fined in
equation 3.3 could be c alculated . The va lues for the a and b parameters
p lus the co rrespo nd ing corre lation coeficients are g iven in tab le 3.1.
(3.2)
(3.3)
Table 3 .1 Ve locity-F low parame ters for the R iver Tawe
Location a parameter b parame ter corre lation coefficient
Pontardawe 0 .19 0 .64 0 .97
G lais 0 .12 0 .64 0 .75
Ynystanglws 0 .05 0 .64 0 .90
Morriston 0 .05 0 .64 0 .90
G iven information on upstream and tributary inputs, the flow
routing model can be used to derive simu lations o f downstream flow
by so lving equation (3.4) using a numerica l integration routine w ith a
variab le step length . This is particularly useful since under pe riods
o f low flow and high residence time s , the integration step length can
be increased , thereby sav ing computer time . Under h igh flow cond itions,
however , residence times are reduced and in order to so lve the equa tion
to the same accuracy , it is necessary to reduce the integra tion step
leng th . Since this is achieved automatically , there are re lative ly
few numerica l integ ra tion prob lems .
3.2 .2 Fstimatin tributary and effluent in uts
There are three main tributaries entering the R iver Tawe in the
mode lled section . The Upper C lydach en ters ju st be low Pontardawe , the
Lower C lydach enters m idway be tween Gla is and Ynystanglws and the
Nant-y-Fendrod which joins the Tawe just upstream o f Landore . The
Nant-y -Fendrod is the only one o f these which is con tinuously gauged .
Th e other two have had spo t ga ug ings carried o ut ove r a number o f years
and sufficien t va lues existed to regress the va lues w ith tho se taken at
the ma in gaug ing station on the River Tawe at Ynystang lws .
This produced an equation that could be used to ca lcu late flow rates
for the Upper and Lower C lydach from the continuously roco rded flow at
Ynystang lws o f the fo rm
T . = a . Q + b . (3.5)
whe re t is the tributary flow to be estimated (cumecs), 9 is the reco rded
flow a t Ynystang lws (cumecs ) and a i and b i a re the regre ss ions parame ters
o f the i
th
tr ibutary . The va lue s o f a . and b . are g iven in Tab le 3.3
w ith the correspo nd ing co rre latio n coe ffic ient .
The Tawe at the top o f the mode lled sect ion , Po nta rdawe , is also
ungauged and a sim ilar exerc ise to that undertaken for the Up pe r and
Lo we r C lydach was carried o ut to e stimate flows a t th is po in t , aga in
a good fit was obta ined , Tab le 3.3 .
The q uantity o f e ffluen t tha t may be d ischarged to the Tawe by any
ind ustria l p lan t is sub ject to lim its impo sed by the We lsh Water Autho rity .
Fo r the purpo se s o f mode lling it was assumed that bo th the Br itish Ste e l
Wo rks at Ve lind re and the INCO wo rks at C lyd ach d ischarged a t the ir rax imum
a llowed ra te at a ll times . Th is is p robab ly not the ca se s ince the
d ischarge rate w i ll go up and down w ith nroductio n bu t th is va riation
sho u ld no t te sign ificant when compared w ith the va riat ion in r iver flow rate
The sewage trea tment wo rks a t T rebano s is gauged but in practice the
th ro ugh-put rare ly d ro pped be low the maximum and hence was co nsidered to
be constant in the mode l .
3 .2 .3 Comb ined triimita r and channe l flow mode l
The model as descr ibed in sec tion 3.2 .1 togethe r w ith the inputs
ca lc u lated as desc ribed in the prev io us sec tio n was used to mode l the flows
in the R iver Tawe during 1976 . The o n ly pa rameter that cou ld be changed
in th is ca libra tion exe rc ise was the numbe r o f lags per reach , N (see
section 3 .1). The mode l m su lts seemed very inse nsitive to var ia tion s in
N and so it was set to 1 to maxim ise computa tiona l e fficiency . The mo de l
gave a good agreement w ith the observed data a s shown in fig ur e 3.3
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explaining 98% o f the variance . The model ha s been further tested and
va lidated using data for the years 79 and 80 and for the water qua lity
modelling stud ies the flow model appea rs satisfactory .
3 .3 Mode llin Heavy Metals and Sus ended Sed iments
3.3.1 Mode l descri tions
The dynam ic water quality modelling app roach employed in the present
stud ies is based on a continuously stirred tank reactor (CSTR) idea liza tion
o f a river reach (Figure 3.4). The ma thematical formulation o f this model
is in terms o f lumped parame ter , ordinary differen tial eq uation s and draws
upon standard e lements o f chemical engineering reactor ana lysis (e .g .
Rimme lb lau and Bischo ff, 1968). As ind icated by Wh itehead et a l, (1979) ,
th is idealiza tion can be shown to approximate the ana lytica l prope rties
o f the distributed parameter partial d ifferen tial equation representa tions
o f advection - d ispersion mass transpo rt (see Rina ldi et a l, 1979 ) in
addition to experimentally observed transport and d ispersion mechanisms
(Wh itehead , 1980 ) . The fo rm of the mode l has been va lidated aga inst water
qua lity data in severa l studies (e .g . Thomann , 1972 ; Beck and Young , 1976).
The mathematica l form o f the mode l is derived from a componen t mass
ba lance ac ross a reach o f river . Fo r the CST R shown in F igure 3.4:
u (t)
u (t )
S (t )
a )± (t)dt
Q (t) Q (t)
u (t) - ‘712  x(t) S (t) (3.6 )
is the vector o f input , upstream componen t concentrations
(mgl- 1 )
is the vector o f time-de layed input , upstream compo nent
concentrations (mg l-1)
is the magn itude of the transportation de lay element (day )
is the vector o f output , down stream component concentrations
(mg l-1)
is the vecto r o f component source and sink terms (mgl-1
day -1)
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Figure 3.4 Continuously stored tan k reactor (CSTR )
o f a river reach .
x
STAT ES  4,
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9 i (t)
Q0(t)
-is the upstream d ischa rge (m 3 day 1 )
is che downstream d ischarge (m 3  day ')
is the reach vo lume (m 3)
is the Independent variab le o f time (days )
This basic mass ba lance may be modified to suit the nature o f the
prob lem and the source/link terms can represent such facto rs as effluent
entering a reach o r a chem ica l decay prod ucing a lo ss of material down
the reach . Integration o f the flow and qua lity mod e ls is ach ieved
through the flow term Q occurr ing in eq uation (3.6 ) which is specified
at reach boundaries by the flow mode l.
3.3.2 App lication o f the mode l to Heavy Meta ls and Suspended Sed iment
in the River Tawe
The model curren tly simulates Copper, Zinc , Cadm ium, Manganese , Iro n
and suspended sed iments . Each o f these is modelled in the same way,as a
simple mass ba lance wh ich in its genera l form can be written mathema tically
fo r each compa rtment as
Q .(t)dx (t)
U . (t)d t V
o
(t)
x(c)
Q
G
(t) Q
S
(t)
U (t)
 us (c)
Q
T
(t) 9 (t) Q (t) U (t)
E U (t ) A A S '(t) (3.7)
V V V
Whe re the subsc ripts G ,S ,T ,E and A refer to gro undwate r inflows
surface runo ff, tr ibutaries , e ffluent and ab stractions respe ctive ly . The
term S '(t) represent the comb ined resu lts o f any chemica l o r physica l
process that may contribu te to the concentrations o f a particular me tal.
This term m ight inc lude the adso rption o f a me ta l on to suspended sed iment
or the resuspension o f meta ls under h igh flow s caused oy scouring the river
bo ttom . It is also po ssible that each metal could be considered as be ing
a comb ina tion o f a pa rticulate and d isso lved phase each o f which maybe
d ivided into various species o f the me ta l. If th is were the case then
equa tions wo uld be written Eor each of the pha ses and spec ies and the
term S '(t) appea ring in each equation would co ntain terms representing
the in teraction between the different phases and species . These phases
and spec ies m igh t be dependen t on such variab les as pH or sa lin ity
(Fo rstner and Wittman , 198 1).
In the present study only a simple form o f the equation has been
app lied to the R ive r Tawe. No attempt has been made to differentiate
between the species o f the metals being modelled . The primary object
o f the mode lling study has been to investigate the effect o f metal
d ischa rges on the R ive r Tawe and how they might relate to the setting
o f River Quality Objectives (ROO 's) or em ission standards (ES). The
RQO 's and ES 's set by the European Comm unity are usua lly stated in terms
o f concentrations o f metals , e ither disso lved o r tota l, w ithout mention
o f the spec ies. Thus it is necessary on ly to produce model results in
terms o f the sums o f a ll meta l spec ies .
As a first attempt at modelling the heavy meta ls in the River Tawe
the mode l co nsiders on ly tota l me ta l concentra tions. Its hoped tha t the
model will be extended to inc lude d isso lved me ta ls since European Commun ity
RQO 's are o ften stated in terms o f d isso lved meta l co ncentra tions . An
exam ination o f the historica l data for the River Taw e was undertaken to
see if there was any re lationsh ip between the measured to tal and d isso lved
meta l concentrations . As is shown in Table 3.4 some metals show a high
co rre lation coe ffic ient when d issolved concen trations were regressed
against tota l concentrations . The best fits are for Cadm ium and N icke l
bo th o f which are predominantly in the d isso lved form . It maybe possib le
to use the regress ion equations for certain o f the metals to give an
ind ica tion o f the like ly d isso lved content given the mode lled tota l
concentration .
S ince the mode l conside rs on ly to ta l me ta ls and not d isso lved meta ls
o r meta l species , then the term S '(t) in equa tion 3.7 can on ly conta in
information on scouring and sed imentation o f metals from or to the rive r
(•
•
bed . The da ta set ava ilable fo r ca libration of the mode l was not cons idered
to conta in su fficient information to justify inc lud ing resuspension or
sco uring terms and so was removed from the model in these init ial mode lling
The section o f the River Tawe that was modelled had no abstraction
p lants and was assumed to have no groundwate r or d irect surface runo ff
inputs . Thus the mass ba lance equa tion for each compartmen t , eq uat ion 3.7
can be simplified to :
c2 . (t) Q (t) Qn,(t) Q
edx (t) U (t) U '" 4 (t)d t L x(t) V T
whe re the variab les have the same mean ing as in eq ua tion 3.
The data used to ca librate the model was from the 5-week survey
carried out by the Institute of Hydrology be tween 26 Octobe r 1982 and
29 Novemb er 1982 . This survey provided da ily va lues of the mode lled
variables a t the upstream end o E the catchment and Eor the major meta l
inputs to the Tawe , w ith the exception o f the INCO e ffl.;,.m t at C lydach .
No daily data Eor the INCO effluent was availab le for this period and
for the purpose o f the mode lling study a mean value for the effluen t
was used , taken from the consent cond it ions imposed by the We lsh Water
Authority . The survey also prov ided da ily co ncentra tions o f heavy meta ls
and other water qua lity variab les at Eour sites in the modelled section
A detailed desc ription o f the 5-week survey can be found in a prev io us
repo rt to the European Comm ission (Wh itehead et al, 1984).
The ab ility o f the mode l to fit the data co llec ted over the 5-wee k
survey varied , from me tal to me tal and from site to site . The best fit
to the data was for Iron , figures 3.5 and 3.6 show observed and simula ted
iron concentrations a t Ynystang Lws and Morriston respective ly . The
effluent from the British Stee l Corpora tion wo rks at Ve lind re enters the
Tawe between Ynystang lws and Morriston but does no t increase the Iron
leve ls significantly under the preva iling , ave rage to h igh , flow cond itions .
The Ve lindre effluent also co nta ins high leve ls of mangane se . Figures 3.7
and 3.8 show observed and simulated manganese concetrations at Ynystang lws
and Morriston respectively . Once again little increase in concentrations
is found as a resu lt o f the Ve lindre e ffluent . The model does , however ,
pred ict sma ll peaks o f manganese at Mo rriston , not fo und in the observed
data , that are co inc ident w ith h igh man ganese concentrations on the Ve lindre
effluent .. Desp ite this the mode l g ives reasonable estimates o f the 'observed
data .
The effluent from the INCO nicke l works contains nicke l and co ppe r
quite high concentrations the mean va lues being 1.3 mg/1 and 0 .1 mg/1
renpective ly . Th is e ffluent has a marked effect on the concentrations
downstream o f the e ffluent . Figures 3.9 and 3.10 show observed and
simulated n icke l co ncentra tions a t G lais and Ynystang lws respective ly .
The mode l g ive s po or estima te s o f 'ch.) o bserved n icke l a t C la is ,
in pa rt be d ue to the fac t tha t the se va lues a re a t o r abo ut the
de tec tion used in the chem ica l ana lys is . The mo:30 1 i:ives a good es !
o f the peak on days 18 and 19 but m isse s the peaks o n d ay s 10 and 11.
model also estimates a peak on day 32 no t shown in the observed data ,
co inc id ing with a high nicke l concentration at Fon tardawe the upstrcw .;
o f the mode lled section .
A t Ynystanglws the mode l shows a marked improvement in its &oil:
to estimate the observed n icke l. i'ne modelled output does no t exhib i:
much varia tion from day to day as the observed da ta , th is is probab ly
to the use o f a mean va lue for the nicke l concentration in the INCO
e ffluen t . If the da ily data for the e ffluent were ava ilab le this wo.:
improve the performance o f the mode l.
The model resu lts for co pper a t G la is and Ynystang lws are shown
figure s 3.L1 and 3.12 respec tive ly . The mode l does no t estimate the
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variations in the coppe r leve ls very we ll but does, at least , estimate
the gene ra l leve ls q uite we ll. It can be seen from these results that
under the preva iling hydro lo gy o f average to high flows the INCO
effluent has very little e ffect on the concentrations in the rece iving
rivers.
The mode lled concentrations o f cadm ium and zinc are most affec ted
by the Nan t-y-Fend rod , a tributary o f the Tawe , that e n te r s the river
between Mo rr iston and Lando re . The Nan t-y-Fend rod drains from an area
covered in o ld waste dumps created by the meta l sme lting industries in
the Lower Swansea Va lley . These tips are high in meta ls wh ich are leached
out into the ilant-y-Fendrod L:.hus making ic a major metal source into the
Tawe . Tab le 3.5 give s a summa ry of the data from the Nant-y-Fend rod
co llected during the 5-week survey .
Table 3 .5 Summary o f Nant-y -Fendrod data (mg/1)
Me tal Copper Zinc Cadm ium Manganese Iron N ickel
The data co llec ted during the 5-week survey showed inconsistenc ies
for bo th cadimum and zinc particularly a t the Morriston and Landore samp ling
sites . These inconsistencies cannot eas ily be exp la ined but they may have
been caused by an un identified d irect runuff from the meta l bearing tips,
resuspe nsion o f muds o r even cross contam ination from the sampling o f the
high ly metal bear ing Nant-y-Fendrod .
De sp ite the reservations about the daily simula tion model there is
no reason why a pre liminary app lication of the mode l shou ld no t be
on 95 percentile co ncentra tions of meta ls in the river and how these change
under d iffering hydro log ica l co ndition . A model app lica tion o f this type
has been undertaken and is described in the next section .
4
(•
•
4
(I
•
undertaken . A suitab le sub ject for th is is the effect o f e ffluent d ischarges •
•
•
A PREL IM INARY APPL ICATION OF THE HEAVY METAL MODEL FO R THE RIVER TAWE
As a first mode l app lication an investigation was carried out on the
effects of e ffluent discharges on river wate r qua lity und er d ifferent
hyd ro log ica l cond itions . This invo lved se lec ting three recent years each
re flecting different hydro logy and running da ily simulations for each o f
these years. Output from the model wa s ob ta ined for four sites on the
rive r for each of the three years 1976 , 1979 and 1980 in the form o f a
fractiona l cumulative frequency curve o f concentrations for each o f the
modelled gariables . In this way it is po ssib le to look at the changes in
the 95 percentile va lue , i .e . the va lue of the concentration that 95% o f
the calculated concentrations are be low . It is important to characterize
the results in this way since the EEC guidelines fo r effluent standards
and river qua lity objectives are most frequently stated in these terms .
4 .1 Estima tion o f Wa ter ua lit In uts
The ma jor meta l inputs to the model come from two different sources ,
'na tura l ' and uan-made . The two 'natural' sources are the River Tawe at
• 'Natural ' in this sense refers not to the original source of the metal
but to the means by  wh i c h  is enters the river , i .e .  via  a  tributary and
no t an  e f f l u e n t p i p e l i n e .
the upstream end of the mode lled section , Pon ta rdawe , and the Nant-y-Fend rod .
There are three man-made inputs , Trebano s Sewage Treatment Wo rks , INCO N icke l
Wo rks and Ve lindre S tee l Wo rks . Da ily da ta does not exist for these inputs
for the years se lected and so they must be estimated .
The 'natura l inputs were estima ted by regressing log load against
log flow for each mode l variable using a ll the available routine ly co llec ted
data from the period 1977 to 1982 : This gave a re la tionsh ip o E the fo rm
= bQa (4 .1)
where L is the load o f a particular variable (g/s), Q Is the flow rate
(cumecs ) and a and b are the parameters from the reg ression . Tab le 4 .1
gives the va lues of a and b for each o E the mo del variables for the two
na tural inputs together w ith the co rre lation coeffic ient for each equation .
Tab le 4 .1 Parameters for the Flow-load Rela tionsh ips
The regressions for Pontardawe gave ve ry good fits in all cases anl
can be considered to g ive good estimates o f the input variab les . The
regressions for the Nant-y-Fend rod we re not so good but on the who le are
•
•
le
••
41
41
41
40
41
41 '
41 ,
40
41
41
41
41
411
40
41
41
40
41
41
41
41
41
41
•
41)
41
40)
40)
40
41
41)
•
acceptab le w ith perhaps the exception o E zinc and cadmium . Although the
Nant-y-Fendrod is the major zinc source in the R iver Tawe , this lack of a
good definition o f this source is no t impo rtant at the present since th is
model app lication is concerned mainly w ith the man-made effluents entering
the rive r .
The man-ma de e ffluent inputs to the rive r were estima ted by assum ing
that the concentra tions would be log no rmally d istributed and hence each
effluent is represented by a mean and standa rd deviation . The value o f
the concentration to be used each day is taken at random from the dis tribu-
tion so de fined . The means and standard dev iations used fo r each o f the
effluents fo r each model variab le are give n in Tab le 4.2.
Table 4 .2 Mean and Standard Deviations o f the main effluents
S .S Copper Z inc Cadm ium Man ganese Iron N icke l
TRENBANOS EFF MEAN 7.2000 0 .011 0 .028 0 .0030 0 .069 0 .209 0 .0128
SD 2 .7000 0 .0065 0 .002 1 0 .0027 0 .026 0 .214 0 .0046
INCO EFF MEAN 10 .000 0 .100 O . O . O . O . 1.380
SD 4 .000 0 .030 O . O . O . O . 0 .500
VEL INDRE EFF MEAN 22 .10 0 .016 0 .240 0 .00 1 1.100 10 .70 0 .0 11
SD 47 .00 0 .018 0 .7 10 0 .001 1 .800 17 .20 0 .0 17
To ensure a fair compar:son between the d ifferent run s the va lues o f
the e ffluent d ischarge parameters were left unchanged from year to yea r .
In order to ensure they we re o f the right o rde r o f magnitude , however , the
va lues co llected during the 5-week survey were used . This was no t po ss ible
for the INCO effluent so the latest consen t va lues as stipulated by the
We lsh Water Authority were used .
Three d ifferent types o f hydrology were chosen to repre sent 'wet ',
'dry ' and 'average ' years . Using the annual mean flow as the criteria 1976
was chosen to represent a dry year , 1979 to represen t a 'wet year and 1930
to represent an 'average ' year . The hyd rographs for the th ree cho sen yearr;
••
4 .2 Effec ts o f Effluen t Dischar es on R iver Water ualit 41
•
The effluent from the INCO nickel wo rks at C lydach enters the River
41
Tawe be tween the mode l output locations of Glais and Ynystanglws . The
effec t o f th is e ffluent can c learly be seen in figure 4 .2 where the
d istribution o f N icke l concentrations has been sh ifted dramatica lly up
the scale . The 95 percentile has changed from 0 .005 mg/1 at Glais to
41
41
41
0 .3177 mg/1 at Yny stang iws, an inc rease of mo re than 50 fo ld . The mean
N icke l concentration has also increased from 0 .0046 m g/1 to 0 .0970 mg/1
this represents an inc rease o f mo re than 24 fo ld . The on ly o ther me tal
affec ted by the INCO outfa ll is coppe r (figure 4 .3) . For this ca se there
41
41
is an increase in the 95 percentile from 0 .0056 mg/1 to 0 .0293 mg/1 and an
increase in the mean from 0 .0049 mg/1 to 0 .0113 mg/1 .
41
41
41
The e ffluent from the British Stee l Wo rks at V elind re enters the
•
Rive r Tawe be tween Ynystang lws and Mo rriston. Th is e ffluent has most
e ffect on the concentra tions o f Manganese , Cadm ium and Iron as shown in
figures 4 .4 , 4 .5 and 4 .6 .
41
41
41
The 95 percentile value for Mangane 3.2  ases from 0 .046 mg/1 to
3 .196 mg/1 and the mean changes from 0 -2.- mg/i. The increaso
in the 95 percentile va lue for Cadm i-,im is  r , : 7  ,).00 11 mgi l to 0 .0045 mg/1
and the mean increase from 0 .008 mg/1 to  .1g / I  The re is a large
41
41
increase in the Iron )5 pe rcentile concon- it r.,n from 0 .344 mg/ 1 to 41
1.529 mg/1 and the mean va lue inc rease s 'H IS mg/1 to 0 .523 mg/ l. 41
41
The resu lts g iven abo ve ind ica te cha t :ndustria l d ischarges into
the Rive r Tawe do make a s ignificant contn::: ion to its heavy meta l load .
•
There is, howeve r , ano t:le r source o f meta lp from che Nant-y-Fend rod a 41
tributary o f the Tawe which enters the river between Mo rriston and 41
Landore . Th is tributary a ffec ts the concentrations o f Manganese , Cadm ium
and Zinc as shown in figure s 4 .4 , 4 .5 and 4 .7 . The 95 percentile va lue
41
41
41
41
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Figure  4 .1  Recorded flows at Ynystang lws for 1976, 1979 and 1980 .
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for Manganese inc reased from 0 .196 to mg /1 to 0 .280 mg/1 and the mean
from 0 .083 mg/1 to 0 .142 mg/ 1. The 95 percentile value for Cadm ium
almost doub led from 0 .0045 mg/1 to 0 .0088 mg/1 and the mean more than
doub led from 0 .00 19 mg/I to 0 .0046 mg/1 . The Nant-y-Fendrod is the
ma jor source o f Zinc to the Tawe and its affect on the 95 percentile is
to increase it by mo re than ten times from 0.0388 mg/1 to 0 .5546 mg/1
w ith a similarly large increase in the mean Erom 0 .024 mg/1 to 0 .309 mg/1.
4 .3 The e ffect o f Effulents on River Wa ter qualit under different
hydro logical cond ition s
The first pa rt o f the investiga tion has indicated the locations
mo stly a ffected by the e ffluents and it is now possib le to look at the
influence that d ifferent hyd ro logical conditions have on the concentra -
tion d istributions at these loca tions . As wa s descr ibed earlier the
yea r 1976 , 1979 and 1980 were cho sen , an the basis o f mean annua l flow ,
to represent 'd ry " wet and 'ave rage ' years respective ly .
A t the locations where the me tal concentra tions are affected by the
industria l e ffluent soi:rces the same pattern o f resu lts was ev ident for
a lmo st a ll o f the me ta ls fo r the three years considered . In all o f these
cases the 95 pe rcenclle concentra tion is h IC h e s t I n  the 'ive rage ' year o f
1980 and lowest was the 'we t ' year o f 1 :7 ) .c 1 i 1e  :he 'd ry ' ye ar o f 1976
come s inbetween , 4 .3 , 4 .9 , .13 . Fo r examp le is figure 4 ..
the 95 percentile Iron concentrations a t :o rr :_sco n was 1.)3 mg/i
for the 'average ' year o f 1980 , 1.19 mg / L f.r the 'd ry ' year o f 1976 and
1.04 for the 'wet ' year of 1979 . The ono 2 7:on to th is was N icke l at
Ynystanglws (figure 4.12). The 95 percentile
..11•1e fo r 1930 was still
the h ighest at 0 .32 mg/L, but th is time :ho w Y year o f 1979 had the
next highest va lue at 0 .19 mg/1 and the .irv .-e lr o f 1976 had the lowest
va lue at 0 .17 mg/ I.
The mean me ta l concentrations a lso show :be same rank ing over the
three years o f 1980 as the highest, 1979 as the Lowest and 1976 between
the se two . Tab le 4 .3 contains a summa ry o f the means,standard dev iations
and 95 percentile va lues for each of the meta ls at se lected sites .
••
• Table 4 .3 Means , standard deviations and 95 pe rcen tile values for the
• metals at three sites for 1976 , 1979 and 1980 (Mg/ 1)
•
• Morris ton
•
Cadmium M angane se Iron
•
1976 1979 1980 1976 1979 1980 1976 1979 1980
• Mean 0 .0017 0 .00 15 0 .0019 0 .07 5 0 .068 0 .083 0 .53 0 .48 0 .57
•
S .D . 0 .0008 0 .0007 0 .00 12 0 .030 0 .026 0 .051 0 .29 0 .24 0 .40
al) 95% 0 .0032 0 .0028 0 .0045 0 .142 0 .130 0 .200 1.19 1.04 1 .53
•
•
Ynystanglws
Co pper N icke l
ao) 1976 1979 1980 1976 1979 1980
• Mean 0 .0 104 0 .0093 0 .0 113 0 .083 0 .068 0 .097
•
S .D . 0 .0045 0 .0041 0 .0076 0 .050 0 .050 0 .09 5
95% 0 .0 198 0 .0177 0 .0343 0 .172 0 .186 0 .318
•
Landore
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5)
The metal bearing tributary , the Nant-y-Fendrod , that enters the Tawe
just above Landore primarily affects three of the modelled metals,
Manganese , Cadmium and Zinc. These three metals behave differently under
the three types of hydrology at Landore than they do at sites where they
are affected on ly by industrial effluents. Thus the 95 percen tile value
for manganese was highest in the 'average ' year of 1980 and lowest in the
'dry ' year of 1976 although the 'wet ' year of 1979 is only slightly
higher. The 95 percentile cadmium value was highest in 1980 with 1979 and
1976 values about the same. The 95 percentile value for zinc is about the
same for 1980 and 1976 both these being h igher than the 1979 value. The
means of these three metals over the three years all follow the sequences
of 1980 being greater than 19 76 which in turn is greater than 1979.
4.4 The Im pact of Sedimentation and Resuspension on
River Quality 06 ectives
To investigate the effects of sedimentation and resuspension on the 95
percentile values the mode l equations 3.7 have been modified to incorporate
sediment exchange. The term S in 3.7 has been defined as
whe re
- K C2S0(+) + (1-K)C3u
Model Sensitivity
f l for u 4 CI
10 for u > CI
Here So(t) is the upstream sediment concentration , C I is a threshold
velocity below which sedimentation occurs at a rate C2 and C2 is  a
resuspension parameter which when multiplied by the velocity , u , describes
the rate of resuspension.
The sensitivity of the model to the three parameters CI, C2 and C 3 was
investigated by running the model with va rious combina tions of values for
the three parameters. For each set of parameter values the model was run
for one year using three data sets selected to represent different
hydrological conditions. The years chosen were 1976, 1979 and 1980
selected to represent 'dry ', 'wet' and 'average' years respectively . The
results, which are summarized in terms of mean and 95-percentile
concentrations, are given in Tables 4.1, 4.2 and 4.3.
The values for the means and 95-percentile vary as would be expected.
For example for fixed values of the resuspension rate and sedimentation
rate the mean and 95-percentile values decrease with increasing critical
velocity. This is the case for all the three years investigated. The
sensitivity of the model to changes in the critical velocity is low with a
four fold change in the critical velocity producing a maximum change in the
mean concentration of suspended sediments of 18% in the 'wet' year of
1979. This relatively low sensitivity is reflected in the remaining sets
of results with the largest percentage change in 95-percentile
concentration occurring in 1980 when increasing the resuspension rate for
fixed values of sedimentation rate and critical ve locity , caused on/y a 23%
increase.
To investigate the sensitivity of the sediment effects on heavy metal
concentrations, the chemical model for total iron was modified as follows:
dIo(t) Qi(t) Ii(t) - Q0 (t) 10 ( 0  ()T(t) IT(t) 0e(t) le(t)
dt V V V V
- K C2C4S0 (t) + (1-K) C3C4u
1 for u < CI
0 for u CI
where I is the total iron concentration (mg/2.)
C y is the iron content of the suspended sediments (mg/mg )
Table 4 .4 Effect of Critical
fixed Resuspension
rate  ( C2 ) .
C2  =  0.5 day-I,  C3
1976
C1 Mean 95%
m/s
0.25 0.504 1.123
0.5 0.493 1.091
1.0 0.478 1.038
1976
C3 Mean 95%
5.0 0 .493 1.091
10.0 0 .489 1.050
20 .0 0 .492 1.069
1976
C2 Mean 95%
0.1 0.506 1.049
0.5 0.493 1.091
Velocity (C1) on Total Iron concentration for
rate (C3) and Sedimentation rate (C2).
5.0 mg/m
1979
Mean 95%
0.465
0.449
0.455
0.449
0.468
0 .464
1.009
0.923
0.988
1979
Mean 95%
0 .923
0 .964
0 .910
1979
Mean 95%
0 .477 1.016
0.449 0.923
1980
Mean  95%
0.569 1.413
0 .552 1.394
0.560 1.429
Table 4 .5 Effect of Resuspension rate (C3) on Total Iron concentration
for fixed Critical Velocity (C/) and Sedimentation rate (C2).
C1 = 0.5  m/s , C2 = 0.5 day- I.
1980
Mean 95%
0 .552
0 .562
0 .573
1.394
1.587
1.403
Table 4 .6 Effect of Sedime ntation rate (C2) on Total Iron concentration
for fixed Cr itical Velocity  (C1) and  Reauspension rate  (C3)
C3 = 5.0 mg/m, C1 = 0.5 m/s
1980
Mean 95%
0 .555 1.417
0.552 1.394
The iron content of the suspended sediments was eva luated by
regressing particulate iron concentration against suspended sediment
concentration , S, measured during a storm event at Ynystanglws and
Landore. The resultant relationships we re as follows:
Ynystanglw s: IT  o  2.0 + 0.0233S R2 96.4%
Landore : IT  o  0.0 + 0.02208 1t2 = 95.0%
where IT is the total iron concentration (m g/I)
is the suspended sediment concentration (mg// )
Using this informa tion an average va lue for the parameter, Cy , was
taken to be 0 .023 mg/mg for the entire modelled section of the River Tawe .
Model Sensitivity 
To test the sensitivity of this model to the parameters C1, C2 and C3
the same procedure was followed as for the suspended sediment model. In
this case the variability of the mean and 95 percentile concentration was
even less than for the suspended sediments . Tab les 4.4 , 4.5 and 4.6 show
that no set of parameters cause variations of more than about 5% except in
the we t year of 1979. In this year the effect of increasing the
sedimentation rate (C2) is to decrease the 95 percentile and mean
concentrations by 6 and 10% respectively . Whils t these decreases are not
excessive they will have an effect on setting of e ffluent standards. If
the sedime nt effects were taken into account in the setting of standards ,
the effluent concentration could be increased by 10% to meet the required
mean river quality objective . Of cou rse this would imp ly an additiona l
build up of metals in the sed iments which might be detrimental to aquatic
flora and fauna. It appears therefore that sediment effects are important
in assessing the impact of effluents on river systems.
4.5 The  Effects of Bank-Side Stora e Control on 95% Percentiles
The usual idea of bank-s ide storage of effluent is that the storage
pe riod will a llow some further purification of the effluent. This maybe as
a result of sedimentation of particulate material or the removal of
chemical species by biological action. In the present study a bank-side
storage scheme was proposed for the effluent discharged from the Into
Nickel work s into the River Tawe just upstream of the gauging station at
Ynystang lws.
The idea behind this bank-side storage plan was not to perform any
further purification of the effluent but to use it to control the
concentration of nickel in the main rive r. This would be done by storing
the effluent in the tank and determining the amount released into the river
according to the river flowrate. The idea being that with a large enough
tank the effluent flowrate could be kept at a fixed proportion of the river
flowrate.
The River Tawe model was used to investigate the effect of bank-side
storage on the nickel concentration in the River Tawe . Further, the effect
of different sizes of tank, different effluent flowrates and different
hydrological conditions were all investigated.
Figu re 4.10 shows the effect of changing the effluent flowrate and the
bank volume on the 95-percentile nickel concentration in the River Tawe at
Ynystanglw s. The most obvious feature is the very sharp fall in the
95-percentile value at a given bank volume . This is true whatever the
effluent flowrate. The bank volume that gives the sudden fa ll in the
95-percentile va lue can he ca lled the optimum tank volume. The optimum
tank volume probably represents the vo lume required to contain the excess
of effluent flow rate over allowed effluent flowrates during the low flow
sum me r period.
F igure 4.11 shows the effect on the hank volume and 95-percentile
concentration caused by different hydrological conditions acting on the
same effluent flowrate. Again there is the clearly de fined optimum bank
volume for each year which vary considerably from year to yea r. 1980 is
the year which requires the largest tank which is probably due to the long
low flow period that prevailed during the early summer of that yea r. The
sma llest tank would have been required in 1979 which was the wettest year
of the three.
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It should be noted that these results indicate how difficult it would
be to design a tank of the correct volume for a given effluent that would
be appropriate for every year. Too big a tank would waste money since it
might only be needed once or twice in its life, whereas too small a tank
may not be of any benefit to the river whatsoever. It maybe possible to
carry out further research into the relationship between hydrological 'low
flow' statistics and the optimum tank volume for a given river but this
report can do no more than point others in that direction.
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SECT ION 4 - IDENTIFYING POLLUTANT SOURCES USING DISPERSION THEORY
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A technique has been inve stigated for the identification of the source
of a pollutan t or tracer entering a rive r system . The approach is based on
d ispersion theory and uses an optimization algo rithm to estimate Pec let
numbers and d ispersion coe fficients from trace r experimen ts conducted over
a range o f flow rates prior to application to po llution problems . Data from
the Bed ford Ouse R iver in South-Eastern England and Wh ite Oak Run in
Virginia U .S .A . are used to demonstrate the approach . The variation o f
stream ve loc ity and dispersion coefficient with flow rate is investigated .
The sens itivity of the technique to errors in the d ispersion co e ffic ient is
evaluated . It is conc luded that experimenta lly derived d ispersion coe ffi-
c ien ts a re p re fe rab le to va lues obta ined using hydrau lic o r channe l geome tric
approaches .
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I NTRODUCT I ON
ID
A common problem in the area of water po llution contro l is the
ID
iden tification of an unknown pollutan t source along a given river
and the prediction of dispers ion charac teristics . Pollutan ts are
ID
o ften detected at a mon itoring station on a r iver from such measure-
men ts as conductivity , ammon ia or disso lved oxygen levels (Wh itehead
11
et al , 1984 ) or m ay be investigated du ring field experimen ts (Brady
41
and Johnson , 1981). Water protection agencies must react qu ick ly to
ID
the pollution inc ident by monitoring the po llu tion as it moves downstream , de-
41
term ining traVe l times , and w arn ing abstracto rs of the exten t and du ration of
the po llution . In these situat ions it is desirable to iden tify the source o f
the po llutant so that the exact nature o f the po llu tant is dete rm ined and
the d ischarge cu rtailed or stopped . In certain cases the source o f
the pollutant can be identified from its chem ical constituen ts . For
example in the case o f a trace toxic chem ica l there may be only one
manufacturer along the river system and iden tification is stra ight-
forward . However , in the case o f d isch arge o f b iodeg radab le o rg an ic
„
matte r or ammon ia there may be seve ra l c and id a te so u rces such as
11,
sewage over flow s, the breakdown o f ac tiv ated s ludge trea tmen t
processes , discha rges from indu stry dnd fie ld runo ff . Identify in g the
40
pollu tan t source under these cond itions can be a d ifficult procedu re .
41
The ob ject of th is paper is to develop an app roach to the solution of
111  this prob lem based on dispersion theo ry and to investigate the sensitiv ity
of th is techn ique to errors in the dispe rsion coe fficient. The techn ique
411
is also applied to tracer experiment da ta to estimate veloc ities , dispersion
ID
coeffic ien ts and Peclet numbers in order to charac terise stream behav iour.
THEORY
Po llu tan ts en te ring riv er sy stems are subjec t to d ispe rsion
processes wh ich red is tribute the pollu tin g mate rial w ith in the river .
In a p ionee ring study o f dispersion , Tay lor (19 54 ) asserted that the
primary d ispersive mechan ism in shear flows is the variation in
convec tive ve loc ity w ith in the cro ss-sec t ion an d showed that , in
in wh ich c is the c ro ss sec t ional mean concen tration , v is the cross
sec tion al ve loc ity , t is time , x is d is tance in d irec tion o f flow and
D is the d ispers ion coe ffic ien t . A lthough Taylo r 's th eory o f
long itud inal d ispersion app lied to r ivers has been cr iticized
(Thack ston and K renkel , 196 7 , Fischer , 1981), the theo ry , a long w ith
embe llishmen ts , rem a ins the most w idely used technique among prac tioners .
Consequen tly , a lthough othe r mode ls are availab le tha t may avo id the
cr it ic ism s o f Taylo r 's theo ry as applied to na tu ral r ivers (e .g ., Bee r
and Young , 1983 , Wh itehead e t al . 19 79 , 1981) , the convection d iffusion
equation is re ta ined in th is study so th at resu lts can be d iscussed in
te rm s o f the w idely -accepte d d ispersion coeffic ient .
A mod ification o f equat ion (1) that accou n ts for losses (decay ,
ad so rp tion on sedimen ts , e tc .) has been chosen fo r th is stu dy . Equation (1)
can be mod ified to account fo r these lo sse s an d to a llow fo r the add it ion
o f e fflu en t in to the river as fo llows .
I
•
( •
•
•
•
•
•
3, 22c
= - v -
c
D - - 7 + q (c - c) + K
at ax
whe re q is the ra te o f  d ischarge pe r un it len g th  o f the  rive r ,  ci
is
e ffluent concen tration , K is the reac tion rate . K can be o f the
follow ing fo rm :
3c
K = W  - Ac  - Cr--
t
where 4 repre sen ts the gene ra tion of a substa nce due to a chem ica l
reac tion or , if negative , a loss due to the con stan t irre versib le
adsoption on the river sedimen ts ;  - X c ,  repre sents reactions
pro portional to concentration such as b iodegr adation ; and the th ird
te rm repre sen ts those reac tions propo rtional to a tempora l change in
concentration .
De Sm edt (198 1) has g iven a so lu tion to equation (2 ) subje ct to the
boundary cond itions .
c
1
(t) a t x = 0 ,
and a S = 0 as x
at
The downs tream concen tra tion c
2 T
(4 ) can be written as
(2)
(3)
It  A r c (t-T )
e 1
P
e
(1 - T/t
o
) 2
- 4 T/t
o
o
T di
--c
2
(t) = c + exp ( (1-F)  I - -  (4)
t T
b IT T 7 t
- cc
Four parameters appear in th is equation :
(1) the average tran sport time t
'
given by
o •
(
vL
=
(8)
Pe D
These four parameters can be estimated using an optim ization routine
app lied to upstream and downstream water quality da ta . De Smedt et= at
(1981) have app lied th is techn ique to da ta obta ined fo r the Albert and
Cam pinean canal network of Northern Belgium . In this paper we describe 0
the application o f th is optim ization procedure to three problems; firstly
the d irect de term ina tion of trave l time and dispersion coefficients usin g
(2)
L(1  + a )
( •
(5) (•
•
( •
•
•
t
o
-
where L is the reach length
a loss fac tor F , given by
•
(q + A)L (6 )
•
F - 1
•
(3) the base or background concen tration , c
o
,
q C . p
given by
•
•
x (v-u )
(7)
•
[1 -  exp (c
o
- ) 1 ;q + A  2D
•
where •
•
•4 2  + 4 (q + A)D
•
(4) the Peclet number P
e
, given by •
11
tracer experiment data ; second ly the variation of velocity and dispersion
•
coe fficients w ith flow : and third ly , the identification of the source o f
40 a pollution given concen tration data ove r a po llution event .
•
In this third application it is assumed that the stream ve locity
and the d ispe rsion coefficient are known from tracer experiments over a
411 range of flow rates or have been estimated from hydrau lic and channel
properties . Since the distance upstream to the po llution source , L . is
no t known it is necessary to guess this initially and employ an iterative
•
procedure in which P
e
is calculated using equation (8) and fixed , and
the other three parameters are estimated using the opitmization algorithm .
Th is results in a new value of t
o
which is used to calculate L from
equation (5), assum ing a is zero . Assum ing a is zero is not an un reasonable
assum ption for most non-con servative de term inands , since the loss processes
w ill generally have reactions propo rtional to concentrations rather than to
the tempora l change in concen tration . Using the new value o f L , Pe is
recalcu lated and the optimization repeated . Th is iterative procedure
40 conve rges rap idly to give a stable value of te and hence L . The conve rgence
is  ach ieved  because L , t
o
and hence P
e
con tro l the shape o f the concen tra tion
curve at the down stream site and there is a un ique so lution to this fit ting
p roblem . However the so lution is sen sitive to errors in the ve locity or
•
d ispersion coefficient and we investigate this sensitivity later in the
paper .
•
APPLICAT ION TO CONVERVATIVE TRACERS OR POLLUTANTS
•
We now illustrate the app lications described above using data on the
movemen t of conservative tracers in the Bedford Ouse River . First the
40 d ispersion coe fficient and veloc ity are estim ated from a series o f trace r
•
expe rimen ts conduc ted over a range o f flow rates . Re la tionships between
l've locity d ispe rsion coeffic ien t and flow s are dete rm ined an d then the ite ra tive
procedure outlined above is im plemented to de term ine the location o f the
trace r input . F inally , the sensitiv ity o f the estimated t
o
to values o f the
ve loc ity an d d ispersion coe ffic ien t is exam in ed .
equa tion mode l and op timization techn iq ues have been app lied to estima te
t
o
and p
e
from the observed concen tra tion cu rve .
The op tim ization resu lts fo r all five tracer cu rves are presen ted
in T ab le 2 toge ther w ith sta tis t ics re la ting to the % va riance exp la ined
by the model . In every case a good fit is ob tained , although in ce rtain
cases (see F igu res 2 ,3 ,4 ,5 and 6 ) the trailing edge o f the model ou tpu t
is be low the observed tracer curve . Th is is to be expected g iven th at
•
•
o
in te rva ls fo r chem ic al analy sis in th e IH labo rato ry . Experimen ts we re
conduc ted on five separate occas ion s . A typ ic al concen tration cu rve fo r
the Bed fo rd Ou se is g iven in F igu re 1 . Tab le 1 ind ica tes the range o f
•
•
flow s ove r wh ich the five experimen ts h ave been conduc ted . Iod ide can be
trea ted as con se rvative since , although Neal and Tru esda le (1976 ) have
shown tha t it is adso rbed on to o rgan ic sedimen t , o rgan ic sed imen t le ve ls
are low in the Bed fo rd Ou se . Fo r each trace r experimen t the d ispe rsion
(0
•
•
•
•
In order to evalu ate ve loc ity , flo w and d ispersion charac te ris tics
on the Bed fo rd Ouse a series o f trace r experim en ts has been conduc te d
by personne l o f the Institu te o f Hydro lo gy (IH ) in collaboration w ith
th e Ang lian Wa te r Au thority . A known mass o f sodium iodide (Na I)
d isso lved in w ate r was added to th e r iver as an impulse inpu t . A t a
down stre am site a se lective ion elec tro de was used to mon ito r the iod ide
concen tration con tinuously and w ate r sam ples taken at appro pr iate
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Tab le 1 Tracer Experiments on the Bedfo rd Ouse
Flow rate T ime to First Arrival Time to Peak Distance
M 3 - 1 Hours Hours kms
2 .0 64 .0 74 .0 19
6 .8 11.0 13 .6 8
11.5 7.5 10 .0 8
27 .0 4 .3 5 .4 8
32 .0 4 .2 5 .1 8
the convec tion-d iffusion model does not include the effect o f dead
zones and variab le channe l geometry . Neverthe less the fit appears
satisfactory and in each case the optimization routine converged
rapidly to the m inimum res idual error . A typ ical error surface for
the optimization is shown in Figure 7 and indicates th e deep valley
de fin ing the op tima l condition .
The estimated mean travel time , t
o
and Pec let numbe r, P
e
are
given in Tab le 2 and the mean velocity , v , and d ispersion D . are
caculated from
and
to (9 )
(10)
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Table 2 Optim ization resu lts from five tracer expe rimen ts
6 .8
11.5
27 .0
32 .0
Estimated t Estimated P
e
% Variance
Hours Dimen sionless m  s - I  m 2 - 1 ex plained
73 .8
14 .1
10 .5
5 .6
5 .2
504 .6
174 .7
213 .5
155.7
212 .8
0 .072
0 .161
0 .213
0 .394
0 .416
2 .7
7 .4
8 .0
20 .2
15 .6
99 .5
99 .1
98 .7
96 .0
99 .3
Since the experiments were conducted over a range of flow cond itions
it is possib le to dete rmine empirical re lationships between velocity ,
flow and dispers ion . From a regression analys is of the log
tran sformed va riables the follow ing relationsh ips have been derived .
= 0 .046 Q " 6 4 (11)
D = 1.82 Q 0 - 6 6 (12)
D = 37 .7 V 1 ' 0 5 (13)
Th ese relationships characterise the non -linear behav iour o f the
rive r system and can be used in any subsequen t analysis to identify
the source o f a pollu tant or to model the tran sporta tion and dispersion
o f po llutan ts .
Con sider a hypothetical po llution event in the Bedford Ouse . If
we assume that the flow rate is known or can be ob ta ined from gauging
records then velocity , v , and dispersion , D , can be determ ined from
equations (11 ) and (12) . From equation (9); L = tov ; sub stitution
of this expression into equation (8) gives an est im ate of the Peclet
number .
The Pec let num ber can there fore be determ ined given an estimate
o f the mean trave l time , to . Since the Pecle t number con tro ls the
ratio of convective processes to dispersive processes , there will be
an optimal cond ition in which the shape of the down stream concentra tion
cu rve is matched to the model output . However the optimisation is
particularly sen sitive to errors in the dispersion coeffic ient , as
indicated in Figure 7. As an example of determ inin g the mean trave l
time , t
o
, the ite rative procedure is app lied to the low flow tracer
experiment shown in Figure 2 , giving the opitm ization routine just the
bellshaped concentration curve and an initia l guess of L and hence to .
The iterative procedure was used to update the Pec le t number and
re-estimate t
o
and the final converged value for t
o
was found to be
74 hou rs . G iven the veloc ity , v , o f 0 .072 m s- 1  and L = u t
o
g ives an
es tima ted sou rce loca tion 19 .180 kms upstream o f the down s tream
obse rvation site . An error of 180 m in this distance of 19 .18 kms was
obtained from the estimation procedure which represen ts less than 1% .
Fo r all practical purposes , the estima ted dis tance of 19.18 kms to the
po llution input is su ffic iently accura te for a wate r autho rity to
locate a particular discharge .
APPLICAT ION TO NON-CONSERVATIVE TRACERS OR PO LLUTANTS
The experiment on the Bedford Ouse used a con servative tracer and
is not necessa rily representative o f po llution even ts . In many cases
pollutan ts undergo some form of change on ente ring a river system .
For ex ample , a discharge of ammonia would be subject to nitrification
processes or a discharge o f heavy metals wou ld be adsorbed onto
sedimen ts . In order to illustrate the location find ing techn ique for
a non -conservative pollutan t , data have been obtained from a sodium
iodide dye tracer experiment in Wh ite Oak Run in the Blue Ridge Moun tains
o f Virg in ia . Na I is norma lly cons idered a conserva tive tracer but in
this case the leaf litter and high organic content of the stream bed
resu lted in considerable loss of tracer. As in the case o f the Bedford
determine the inpu t location using the itera tive procedure described
prev iously . In itia lly it is assumed that the tracer is conservative
•
6
•
•
•
41
41
41
41
41
41
41
41
41
41
41
11
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
11
and the Peclet number ad justed v ia equation (8) using v and D from
Table 3 and an in itial guess for I. and hence to . From the iterative
procedure the estimated t
o
was found to be 115 m inu tes which gives a
distance for the discharge of 72 .5 m , assuming the velocity in Table 3
applies over the en tire length . The actual distance upstream is  76 .6  m
and the error in determining the sou rce location is there fore 5 .3% .
Th is error is reduced further if the tracer is assumed non-conserva tive ,
in which  case the estim ated t
o
becomes 120 m inutes giving a d istance of
75 .6  me tres  and an error of 1.3% . Th e opitm ixation surface is shown in
Figure 9 and indicates a broad valley enclos ing the optim al condition .
The improvement obtained  when it  is assum ed that the tracer is non-
conservative arises because the shape  of  the downstream curve is be tter
approx imated by the model with decay included . These results ind icate
that the technique is applicable to non-conserva tive pollu tan ts .
SENS IT IVITY TO ERRORS IN THE  D ISPERS ION  COEFFICIEN T
In most rive rs little in formation is available  on
d ispe rsion coefficients . In order to obtain such information it is
necessary to conduc t trace r experiments , as in the case o f the two
streams described above , or to estimate dispersion coeff ic ients from
hydraulic or chann el geometry data . In the latte r case , such
estimates are likely to be in error and it is impo rtant to investiga te
the sensitiv ity of the suggested source loc ation method to errors in
th e dispersion coeffic ien t.
A unive rsally applicab le formu la for e stim ating a longitudina l
dispersion  coe ffic ient  in a natural river from hydraulic and morphom etric
data is no t availab le . Liu (1977) suggested an approach a imed at
ove rcom ing large errors in previously propo sed formulae . In Liu 's
app roach :
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whe re U • is the fric tion ve loc ity , ie U r* = ( gRS)0 .5 ; g is the
acce leration o f grav ity ; R is hydrau lic rad iu s ; S is channe l slope ;
and whe re B is a chan ne l sh ape fac to r g iven as ,
CI' 1 .5B = (-v ) •
(14 )
The coe ffic ien t , p , was calcu lated by L iu to be 0 .18 , an average
value fo r a number o f stre am s in the USA . He reported tha t average
erro rs in pred ic ting D from flume experiments was 51% and th at , fo r
na tural stream s , D cou ld be pred ic ted on ly w ith in a facto r o f 6 .
In o rder to illustrate the sensitiv ity o f the propo sed metho d fo r
locatin g a po llution source to e rro rs in the d ispers ion coe ffic ient , a
numb er o f op tim ization runs were conducted us ing d iffe rent values o f D
(15 )
in equat ion (9 ) . Th e optimal value o f t
o
increases linearly as D dec re ases
and the mean e rror in the d is tance est imatecO s 75% o f the erro r in the
d ispersion coe ffic ien t . In o ther word s a 100% erro r in D w ill result in
a 75% e rro r in the source dis tance . S ince the hyd rau lic o r ch anne l geometry
methods in variab ly produce e rro rs o f th is m agn itude it may be in fe rred that
experimen tal de term in ation o f D is pre ferab le to determinat ion by em p ir ical
fo rmu lae .
CONCLUS IONS
The simulation o f pollu tants in a river system using d ispers ion
equations is frequently used by researchers and river manage rs to
investigate po llu tan t movemen t and redistribution . The mo re difficult
problem o f iden tifying a po llutan t source is rarely investigated using
dispe rsion theory . In this paper a technique has been deve loped which
can be used to iden tify the source of a pollutant or tracer in a river
system . The approach uses an iterative procedure to locate sources
and provides an accurate estimate given information on the dispersion
coe ffic ien t and veloc ity in the stream .
The op timization techn ique can be applied to tracer data to yield
d ispe rsion coefficients and ve locity data and a series of tracer
experiments in the Bedford Ouse conducted over a range o f flow rates
have prov ided equations with which to predict dispersion and velocity
at d ifferent flow rates . Finally the sensitiv ity o f the source
location technique to erro rs in the d ispersion coe fficient has been
investigated . It is conc luded that expe rimenta lly derived d ispersion
coefficients are pre ferable to the theoretica l methods derived using
hydrau lic or channe l geome tric approaches .
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•NOTAT ION
= concen tration
= d ispe rs ion coe ffic ien t
= lo ss facto r
= acce le ration o f grav ity
= ove ra ll reaction coeffic ient
= reach len gth
= coe ffic ien t in channel shape fac to r
= e ffluen t d ischarg e rate
= rive r flow rate
= hydrau lic radiu s
= channe l shape
= time
t
o
= average transport time
Us = ave rage transpo rt time
ve loc ity
d is tance
P,X,a reac tion rate coe ffic ients
channe l shape facto r
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SECTION 5 - MODELLING THE EFFECTS OF ACID IC DEPOSIT ION OH SMALL UPLAND
CATCHMENTS
SUMMARY
1. INTRODUCTION
MODELLING STREAM ACIDITY IN U.K . CATCHM ENTS
by
P.G. Whitehead
C . Neal and
R . Neale
Institute of Hydrology
Wa llingford
U.K.
As part of the joint British-Scandinavian Surface Waters
Ac idification Programme , the Institute of Hydrology is establishing
catchment studies in Scotland and Wales. Data from these catchment
stud ies are being used to develop a range of mode ls for investigating
short term and long term changes in catchment acidity. Information on the
mode lling techniques ava ilable at IH is presented together with
applications of the models to catchments in Scotland and Wales . They
provide examples of how both acidic deposition and conifer afforestation
can increase streamwater acidity . Long term trends are predicted. A 507.
reduction in current industrial emissions is required to prevent further
increase in stream acid ity in the Southern Uplands of Scotland .
Catchment studies investigating the acidic behaviour of upland streams
a re exp ensive, time consuming and difficult to establish due to the
complexity of hydrological, chemical and biological interactions.
Neve rthe less many catchment studies have been and are being established to
evaluate short term and long term fluctuations in stream water chemistry.
For example as part of the joint Scandinavian - Br itish Surface Water
Acidification Programme (Mason and Seip , 1985) major stud ies are being
established in the UK and Scandinavia. Other organisations such as the
Welsh Water Authority (Llyn Brianne Study ; Stone r et a l, 1984) the Solway
River Purificatin Board (Loch Dee study ; Burns e t al, 1982) and the
Freshwater Fisheries Laboratory (Loch Ard Study; Harriman et a l, 1981)
have also established ca tchme nt studies following mounting concern over
the loss of fisheries in Scotland and Wales and the possible detrimental
effects of stream acidity on water resources. Seve ral researchers
invo lved in these studies (Ha rriman et al, 1981, Gee and Stone r, 1984)
have reported e levated acidity and aluminium leve ls in upland streams
draining afforested (conifer) catchments in the UK. Moreover in many of
these areas and particularly forested catchments fisheries have
deteriorated and restock ing programmes have been unsuccessful.
It is with these problems in mind that IH has established a catchment
study in Wa les at Plyn limon (see Neal et a l, 1985). IH is also
establishing a catchment study in the Cairngorm region of Scotland in
collaboration with DAFS (Depa rtment of Agriculture and Fisheries for
Sco tland), the Macaulay Institute of Soil Science and Imperial College ,
Department of Civi l Engineering. IH is responsible for providing stream
gauging , rainfall stations , a weather station , snow surveys , sampling and
continuous water quality monitoring. IH is also responsible for the
subsequent data management, ana lysis and interpretation. DAFS is
responsible for all chemical and biological analy sis , with the exception
of snowmelt chemistry , which would be undertaken by The Macaulay
Institute is responsible for soil-surveys and soil-wa ter chemistry and
Imperial College are establishing plot stud ies.
The hydrological and chemical data collected from the catchment
stud ies forms the basis of a comprehensive mode lling research programme by
IH.
Recently there has •been considerable use of mathematical mode ls to
describe the dominant interactions and processes ope rating in catchments
and to simulate catchment behaviour. Steady state models have been used
prescriptive ly to demonstrate the long term consequences of changes in the
industrial emi ssions of SO2 (Cosb/ et al , 1985a , b, Kamari et al 1984).
Correspondingly , dynamic mode ls have been successfully applied
descriptively to several catchments (Christopherson et al, 1982, 1984).
For example, Christophersen et al. have developed a simple conceptual
mode l that reproduces major trends in chemical and hydrological behaviou r
in Norwegian catchments. This mode l has been successfully extended (Seip
et al, 1985) and applied descriptively to the Harp Lake catchment in
Canada. The model has a lso been applied to two forested catchments in
Sweden (Grip et al, 198 5).
A wide range of mathematical modelling techniques are available at IH
for analysing catchment data. These include CAPTAIN (Computer Aided
Package for Time Series Ana lysis and the identificatioTI of Noisi Systems ;
Venn and Day7 1977, WhitiHead et al., 19817), MIV (Mult ivarii.ble time
series model, Young and Whitehead , 1977), the BIRKENES model
(Christophersen et al., 1982), MAG IC (Cosby et a l., 1985a), EKF (Extended
Kalman Filter, Beck and Young , 1976) TOPMODEL (Beven , 1982) and IHDM
(Institute of Hyd rology Dis tributed Mode l, Morris, 1980).
In this pape r several of these techniques a re described and applied
to investigate short term catchment responses or 'events' and long term
acidity of soil and stream wa ters.
2.  TIME SERI ES OR ' EVENT ' TYPE MODELS
Time series models are suitable whe re the overall input-putpu t
behaviour is of prime importance and where internal me chanisms are
particularly complex. It is assumed that a 'law of large systems ' applies
(Young, 1978) whereby the combination of all the complex non-linear and
distributed elements gives rise to an aggregated system behaviour that is
relatively simple in dynamic terms .
Application to Loch Dee
Loch Dee has a remote setting in the Ca lloway Hilts tn South West
Scotland. The catchment is made up of three sub-basins : Dargall Lane to
the west, Wh ite Laggan Burn with its tribu tary the Black Laggan towards
the south, and Green Burn entering from the sou th east. The outflow at
the north east end of the loch is the source of the Rive r Dee and up to
th is itself occupies 1.0 km2 . Catchment altitudes range from 225 m on the
loch shore to 716 m on Lamachan at the head of the Dargall Lane. Near ly
two thirds of the catchment lies above 305 m (1000 ft). Geologically the
area comprises two distinct rock types: Ordovician greywackes/sha les and
g ranites of Old Red Sandstone Age (Burns et al., 1982).
In Loch Dee an extensive record of hydrological water quality data
has been collected over a five year period (Burns et al., 1982, Langan ,
1985). Analysis has been res tricted initially to a time series mode l
relating flow to hydrogen ion concentration for the White Laggan
sub-catchment. The Wh ite Laggan is subject to episodic acidification,
primarily attribu ted to atmosphe ric inputs (Langan , 1985).
form
The model fitted is an autoregressive moving average type of the
xt ° 61xt-1 wOut
1.where xt is the hydrogen ion concentration (peq l- ) and u t is the flow
(m 3sec- 1)  in  the stream at time t.
The parameters 6 1 and  wo  were estimated using a time series
a lgorithm applied to 200  hourly  observations of pH and flaw . The
parameters were estima ted to be;
6 1 = - 0 .680 (standard error 0.0 12)
wo  - 0.659 (s tandard error 0.022)
and Figure 1 shows the simulated hydrogen concentration against the
observed concentration. A remarkab ly good fit to the data is obtained
w ith 93% of the va riance explained and suggests that 114-ion and flow are
c losely related. Howeve r a true test of the model would be to use an
additional data set; Langan (1985) has applied che approach to all three
suhcatchments of Loch Dee and found that equally good mode ls have been
obtained for a wide range of storm events . In the case of the White
Laggan a mean response time (T) of 2.6 hours is obtained, reflecting the
fast response time between ou tput flow and hydrogen ion concentrations.
Further applications of the time series techniques to data from Welsh
and Norwegian Catchments are given by Wh itehead et al (1986).
3. APPLICAT IONS OF THE 'BIRKENES' MODELS
A second class of models have been applied to data from the Loch Dee
study . These inc lude the 'Birkenes ' model deve loped by Christophersen et
al(1982, 84).
The model comprises of a simple two-reservoir hydrological mode l
operating on a da ily timestep upon which has been supe rimposed the
importantchemical processes that control the acidification of catchments .
Inputs to the model are precipitation, mean daily temperature, mean da ily
soil temperature and sulphate deposition rates. Figure 2 shows the
principal hyd rological and chemi cal processes operating.
The mode l ou tputs daily concentrations of Hyd rogen ion, Aluminium ,
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Sulphate, Calcium + Magnesium (M2+) and Bicarbonate in the stream along
w ith predicted flow .
Nume rous modifications and additions over the years have resulted in
the program structure becoming somewhat confused . Therefore the mode l has
been extensively re-written at IH so as to greatly increase computationa l
efficiency and improve the readability of the FORTRAN 77 source code and
hence simplify the task of making modifications in the future.
The ' Birkenes ' mode l has also been used to  assess  the sensitivity
of stream acidity to hydrological parameters and changes in baseflow .
Flow movement between the soil and groundwater compartments is
'restricted by a "percolation" equation as follows;
hSIG  a  P - (8 - Bmin)/Bmax
and Asw = 1.33P - 0.33P(B/Bmin )3 for S < Bmin
where B refers to the groundwater compartment water level and
Bmin and Bmnx refer to minimum and maximum water leve ls respectively
minimum and maximum water levels respectively (see Figure 2). The
parameter, P can be considered as a percolation parameter so that
increasing P increases the fraction of flow , Asw , rou ted to the lower
reservoir. This leads to an increase in the baseflow contribution to the
stream . The model also includes a piston flow component to describe the
hyd raulic movement of water ou t of the groundwater compartment.
The changes in stream wa ter concentrations for H+ ion and Al3+ to
changes in the baseflow contribution to streamwater is highly non linear.
This is illustrated in Figu res 3 and .4 which show H+ and A13+ maximums and
means over a range of baseflow cond itions for both the long and short term
data sets: all concentration values fall as the baseflow increases ; the
rate of decrease varying from one variable to ano ther. In general
inc reases in baseflow results in significant reductions in Id+ ion and Al
concentrations . Studies by Seip and Rustad (L983) show a similar non
linear behaviour when upper and lowe r soil horizon wa ters are mixed.
Further results a re given by Wh itehead et a l (1986) and confirm the
sensitivity of the mode l to parameter, and hence baseflow, changes.
4. APPLICAT ION OF MAG IC TO LOCO DEE
for ./3 Bmin
MAGIC (Model. of Acid ification of Groundwater In Catchments ; Cosby et
al, 1985) is expliciT ly designed to p; rform long T er; simulations of
changesin soilwater and streamwater chemistry in response to changes in
acidic deposition. The processes on which the mode l is based are:
anion retention by ca tchment soils (e .g. sulphate adsorption):
adsorption and exchange of base cations and a luminium by soils;
alkalinity generation by dissociation of carbonic acid (a t high
CO2 p artial pressures in the soil) with subsequent exchange of
hydrogen ions for base ca tions;
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weathering of minerals in the soil to provide a source of base
cations ;
control of Al3 concentrations by an assumed equilibrium with  a  solid
phase of Al(OH)3.
A sequence of atmospheric deposition and mineral weathering is
assumed for MAG IC . Current deposition leve ls of base cations, sulphate,
nitrate and chloride are needed along with some estimate of how these
leve ls had varied h istorically . Historical deposition variations may be
scaled to emissions records or may be taken from other modelling studies
of atmospheric transport into a region. Weathering estimates for base
cations are extremely difficult to obtain . Nonetheless , it is the
weathering process that controls the long term response and recovery of
catchments to acidic dcposition and some estimate is required.
The MAGIC program has been applied to the Dargall Lane sub-catchment
in Loch Dee and a detailed description of the application is given by
Cosby et al (1986).
Several chemical, biological and hydrological processes control
stream water chemistry . These processes are often interative and not
easily identifiable from field observation. Modelling allows separation
of the different factors and the establishment of their relative
importance quantitative ly. Here the factors considered are afforestation ,
dry and occult deposition, variations in acidic oxide loading and
deforestation.
LONG TERM ACID IF ICAT ION TRENDS FOR DARCAL L LANE
Figure 5 shows a simulation of long term acidity for the Dargall Lane
catchment. The sulphate deposition history is shown in Figu re 5a and this
'drives ' the MAGIC mode l. The historical simulation of pH shown in Figure 5b
is simi lar to the va lues obtained from the diatom records of lochs in the
region in that a significant decrease in pH from 1900 onwards is inferred
(Bo tterbee et al, 1985, Flower et a l, 1983). The steeper decline from 1950 to
1970 follows from the increased emission levels during this pe riod. The model
can also be used to predict future stream water acidity given different future
deposition leve ls. For Darga ll Lane stream  acid ity trends  are investigated
assuming two scenarios for fu ture de position. Firstly assuming deposition
rates are maintained in the future at 1984 leve ls, the model indicates that
annual ave rage s tream pH is likely to continue to decline below presently
measured values. Second , assuming deposition rates are reduced by 507. from
1984 leve ls (between 1985 and 2000) the results indicate that current stream
water acidity will be maintained (Figure 5b). Further details of the
application of this mode l are given elsewhere (Cosby et al, 1986). Note an
increase in stream water pH about 1980 ; this fo llows a significant drop in
sulphur emissions du ring the 1970s. Note a lso that an earlier decline in
streamwater acidity is predicted if there had been no reductions in emissions
since 1970.
A FFORESTATION
Afforested systems are more complex to model than grassland systems
because the introduction of the forest pertubs a grassland ecosystem which
in itself is difficult to mode l. The effects of the forest root system ,
leaf litter laye r and drainage ditches w ill change the hydrological
5 a
5 b
pH
0.0
5.5
5.0
4.5
4.0
• .................
18 60 190 0 19 40 1930 20 20 2060 2 10 0
F i g u r e 5 a
Sulphate deposition history used a s in pu t fo r the !•-tAGIC reconstruction
of pH in the Da rga ll Lane moorland catchment
5 b
Simu lation of the pH of streamwater tn the Dargall Lane
moorland catchment assuming three sulphate deposition scenarios
— Historical levels to 1984 and constant 1984 leve ls
the reafter (see Figure 2a)
Historical levels to 1984 and 1984 leve ls reduced
by 50% by the year 2000 and constant thereafter
- -
---- Historical leve ls to 1970 and constant 1970 levels thereafter.
pathways; this will control the nature and extent of the chemical
reactions in the soil and bedrock. Further, the additional filtering
effect of the tree on the atmosphere w ill enhance occu lt/particle
deposition and evapotranspiration will increase the concentration
ofdissolved components entering the stream . The magnitude of these
different effects varies considerably; for example evapotranspiration
from forests in the British Uplands is typically of the order of 307. of
the precipitatation which is almost twice the figure for grassland . This
will have the consequence that the total anion concentrations w ithin the
stream and soil waters increase by 14% following afforestation. The
forest will also increase anion and cation loading due to the enhanced
filtering effect of the trees on air and occult sources. [Several forest
catchme nt studies have shown that Chloride concentrations are h igher in
streamwaters than in the corresponding rainfall or grassland streams.
Such a difference results from dry and occult deposition assuming that
chloride is derived from a maritime source and not from leaching from the
catchment bedrock . Such increases are typically of the orde r of 30% ].
The filtering effects will apply both to marine and pollutant aerosol
components. Altering the hydrological pathways can also have a major
effect on stream water quality since the forest tends to increase surface
runoff thereby flushing/ displacing highly acidic water from the surface
laye rs; the soil zone acts as a proton and aluminium source whilst the
bedrock , if silicate or carbonate bearing, provides proton consumption by
weathering reactions.To illustrate the effects of afforestation simply in
terms of increased concentrations from bo th enhanced d ry deposition and
evapo transpiration , the MAGIC model has been applied to the Dargall Lane
catchment assuming that a forest is deve loped over the next 40 years. It
should also be noted that, here, no allowance has been made for the
effects of cation and anion uptake by the trees during their development;
the incorporation of base cations into the biomass would result in an
enhanced acidification effect during this period.
Of critical importance is the relative and absolute contribution of
ma rine and pollutant inputs from dry and occult deposition. Figure 6
shows the effects of increasing evapotranspiration from 16 to 30% over the
forest growth pe riod with varying levels of marine , pollutant and marine
+ pollu tant inputs. Increasing either ma rine or pollu tant components
leads to enhanced stream water acidity , the greatest effects being
observed when both components are present; the effect of simply
increasing evapotranspiration from 16 to 30% has a sim ilar effect but the
changes are much sma ller. The important features of these results are the
enhanced and ac idic oxide inputs from increased scavenging by the trees
result in a ma rked reduction in pH leve ls and that there is an additive
effect when both processes are combined. These reductions are much
g reater than the effect of evapotranspiration.
ATMOSPHERIC ACIDIC OX IDE INPUTS
An important factor in determining stream acidity in the upland UK is
the leve l of acidic oxide deposition; rates of deposition (non ma rine wet
14- 15der tion and d ry deposition ) can va ry from 0.5 to over 6 g Ssi
m- yr- 1  and from 0.1 to over 0.5 g N m-2y 1
- . Figure 7 shows the effects
of such variations for both moorland and forested catchments; the h ighest
levels correspond to a reas with high atmospheric acidic oxide rates (3
times the historic and 1984 deposition leve ls observed in the Southern
Uplands of Scotland) . With increasing atmospheric acid ic oxide po llution ,
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(a) Simulation of the pH of the streamwater from the Dargall Lane
catchment comparing the moorland catchme nt response assuming
Figure 2a deposition rates the effect of 14% additional
evaporation Fo llow ing afforestation ), the e ffect of 14%
additional evaporation plus 15% additional input of natural  seasalts
following afforestation in 1985 (----- ), and the effect of i4,t
add itional evaporation plus 30% additional input of natural seasalts
follow ing afforestation in 1985 (- -- -- )
(b) Simulation of the pH of streamwa ter from the Dargall Lane catchment
comparing the moorland response ( --- ) to the forested catchment
response assum ing increased evaporation with different leve ls
of pollutant scavenging ( ...., 207. additional sulphate ,----,
40% additional sulphate,---- -- ,60% additiona l sulphate)
(c) Simulation of the pH of streamwater from the Darga ll Lane catchment
forested catchment of increased evapotranspiration, increased
scavenging of natural sea salts , and va rious leve ls of increased
scavenging of pollutant inputs zero additiona l pollutant
scaveng ing ,. 20% pollutant scavenging , - --- , 407. po llutant
scavenging,-----, 60% pollu tant scavenging) .
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F i g u r e 7
(a) Simulation of the pR of streamwater from the Dargall Lane moorland
catchment assuming  sulphate deposition  patterns (shown in Figure g a )
cod ified by various factors to reproduce a range of loading conditions
(i.e . from pristine to heavy pollu tion)
(b) Simulation of the pli streamwater from the 'forested' Oargall Lane
catchment assuming afforestation from  1844 onwa rds and sulphate
deposition patte rns (see Figure  i a)  multiplied by various facto rs to
reproduce a range of loading conditions from  pristine  to heavy
po llution.
Background rates (pristine conditions)
Figure 5 2 (low•
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0.5 x deposition concentrations pollu tion)
intermediate
/ pollu tion
heavy
/ pollu tion
the decline in stream pH is accelerated, the changes occur much earlier,
and the final pH of the stream water is lowe r.
DEFORESTATION
Whilst afforestation increases stream acidity , as shown both by the
model predictions and field evidence, then deforestation will result in a
reduction in stream water acidity . Figure 8 shows the effects of
deforestation from the presen t time for a range of acidic input loadings.
The result shows that while there is a short term improvement in stream
acidity , the long term acidification trend is ma intained . It is
interesting to note that the recovery following deforestation at the
intermediate deposition levels is grea ter than that at the higher leve ls.
This is because base sa turation has .not been completely depleted , and the
reduced deposition fo llow ing deforestation can be buffered by the
available cations. Under the higher deposition levels base saturation is
reduced to ve ry low leve ls making recovery much less sign ificant. Note
that afforestation following tree harvesting will negate the improvement
in stream water acidity.
IMPLICATIONS
The modelling enables assessment of the relative effects of
atmospheric acidic oxide pollution and conifer afforestation, as well as
highlighting some of the topics that need further consideration. For
example, the long term trends in stream water acidification for the
grassland catchment suggest that for at least pa rt of the upland UK ,
acidic oxide po llutant inputs are the dominant source of increased stream
water acidity . The mode l predictions are similar to observations of
stream acidity found in Southern Scandinavia and add weight to the
conc lusion that such po llutant inputs are also a major source of stream
acidification in those countries as well. How important this
acidification process is on a regional basis in the upland UK cannot be
gauged immediately because many unresolved factors rema in, as mentioned
above. Howeve r, much of the British uplands have soils which are
susceptible to acidic inputs; it is therefore reasonable to assume the
resu lts of this present modelling exercise are w idely applicable. If the
above resuLts are rep resentative of sensitive up land areas then reductions
in present acidic emissions of the order of 50% are required to prevent
further increase tn stream acidity moorlands ; afforested ca tchments
require greater reductions. The study points to the need for furthe r
regional analy sis of so il and stream water chemistry , as we ll as a better
understanding of hydrogeochemical processes operating within catchments.
Furthe r, the study provides an example of the need to establish the extent
of scavenging of aeroso ls onto plant surfaces, and more generally on the
benefits of multidisciplinary catchment studies. Finally , the detrimental
effect on stream water quality caused by conifer afforestation in uplands
subject to acidic depos ition is irrefutable. Wh ile there is uncertainty
regarding the nature and the extent of the hydrogeochemical processes
ope rative there is a need to change existing forestry practices which are
of immediate pragmatic concern.
5. CONCLUSIONS
The model techniques applied at IH have proved to be particularly
useful yielding information on the catchment responses , processes and
possible future behaviou r.
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Simulation of the pH of streamwater for the Dargall Lane ca tchmen t
assuming afforestation from 1844 and defores tation in 1990.
Deposition patterns as described in Figure 7.
On the hydrological side time series techniques, lumped and
distributed hydrological models are availab le. In the case of chemi cal
processes, time series techniques can be applied but the principal models
available at IH are the BIRKENES and MAGIC models. Modifications such as
the introduction of sea salt will be necessary in the case of the BIRKENES
model before application to the Loch Dee and Plynlimon catchments is
possible. Also it may be necessary to reassess the dominant equilibria
used in the model; forexample is aluminium controlled by Al(OH)3,
Al(OH)SOL, or by A1 (OH)1-xSi02
We hope to develop a modified and combined BIRKENES and MAG IC chemistry
and couple this with the distributed mode ls to provide an additional tool
with which to investigate catchment behaviou r.
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1.1 Introduction
The use of toxic chemicals as the principal weapon against pest and
disease attack , and against weeds is commonly regarded as one of the most
worrying developments in modern agriculture (DOE , 1979 ). The quantities of
chemicals used continues to rise, as will be seen later, hence this concern
continues . In the context of this report, the word "pesticides" is used in
the generic sense and includes insecticides , fungicides , herbicides , and
other categories of compounds used to kill pest. The development of modern
pesticides, while undeniably a triumph in science and technology has not
been without  its  problems (McEwen and Stephenson, 1979). Problems such as
resistance , persistence and damage to non-target organisms , for example.
These and others will be investigated in this report in relation to their
effects upon river  water quality.
Today more than 1000 pesticide chemicals are in common use around the
world , of which nore than 250 are commonly  used  in ag riculture (Ware,
1983). Only a few of these persist for more than a few weeks or at most
months in soil or water, and of those that do most a re the organoch lorine
insecticides , which include a ldrin, dieldrin, chlordane, dicofol,
endosulfan , end rin, lindane, DDT , heptach lor and toxaphene (Edwards , 1973).
During the 1950 's and 1960 's reports of large residues  of  these
organochlorine pesticides in soils , and sma ll amounts in wa ter and in
stream sediments , began to appear In the literature (Edwards , 1973). These
discoveries began to cause concern about their long- term eco/ogica l  e ffects
and has since resulted in a move away from the use of these more persistent
pesticides , towards an increasing use of less persistent organophosphorous
and more recently, pyrethroid pesticides; a trend w itnessed throughout the
developed world at least (DOE, 1979; Ware , 1983; Garman and Sutherland,
1983).
Lastly , although pesticides are chiefly used in agriculture , they are
also found elsewhere in homes and gardens , in industry, and in public
health . These non-agricultural uses have been investigated by the
Department of the Environment (DOE , 1974). For example, it appears that
some pesticides (e.g. dieldrin) are now used in moth -proofing and wood
prese rvation much mo re than they a re in ag ricu lture .
1.2 Pesticide usa  e in the  United  Kin dom
Up to 1945 , chemical control of pests in England and Wales was mostly
by a very limited number of chemicals (Perring and Me llanby , 1977). At
that time, few pesticides were pest specific and their selectivity was
usually a ma tter of timing, while their use was mainly confined to high
value crops such as fruit, hops, market garden and glasshouse crops.
During the second World War, the organochlorine insecticides, DDT and
HCH and the translocated herbicides , 2,4 — D and MCPA we re developed and in
the late 1940 's these became available for use in British agriculture. By
1950, 15 pesticides (apart from herbicides) were approved by the Ministry
of Agriculture and Fisheries (MAFF), as seen in Table 1 (DOE, 1979). By
1955 the list included 27 pesticides (including herbicides). And in 1960
it included 47 , while in 1965 it listed 98. Chemicals introduced in the
1960 's included: aldrin, dieldrin, endosulfan, endrin and other
organochlorine insecticides, as well as many new contact herbicides such as
dinoseb, paraquat and diquat (Perring and Mellanby , 1977). The 1970
Approva ls List included 163 chemicals and by 1975, 200 were listed ,
newcomers including: aldicarb and systemic fungicides such as carboxin.
DOE (1979) , summarised the growth of approved products as
formu lations, for the period 1944 to 1976 (Table 2). Also, the Pesticides
Survey Group of MAFF has been surveying usage of pesticides on crops in
England and Wales since 1965, Sly (1977) providing a review for the period
1965 to 1974. The annual usage in terms of treated area and the area of
crops grown is shown in Table 3. The estimated quantities of active
ingredient used are shown in Table 4 . There has been a reduction in the
use of organochlorine insecticides since the first review of these
persistent pesticides , but up until 1977 only endrin was deleted from the
Approvals List. Most of the expansion in availability of insecticides in
the 1970 's has thus been of contact or organophosphorous insecticides and
of carbamate insecticides and acaricides.
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TABLE 2
Chenicals in Approvals List of BAPP , 1950 TO 1976
Year Number of products
1944 63
1948 216
1952 352
1956 446
1960 532
1964 540
1968 783
1972 810
1976 819
Source: SLY .J.M .A. in EcologicaL Effects of Pesticides ,
Academic Press London 1977, p3. (in (DOE,1979).
TABLE 3
Recent data on extent of pesticide treatment of crops
England and Wales
Crop group Year of survey
Area of crops
grown
(hectares)
Percentage of
C r o p s
treated
Cereals 1974 3,245,845 99.5
40
Potatoes, sugar beet and field beans 1974 434 ,439 98.4
Fodder, forage and seed crops 1974 1,649,484 44.8
Vegetables 1972 221,433 94
Orchards 1973 50,355 92
Hops 1975 6 ,414 100
Soft fruit 1975 13,123 99 ID
Glasshouse crops 1972 3,639 97.1 (0
Hardy nursery stock 1971 6,500 87
(Source: Ministry pesticide survey, in DOE (1979)). (40
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Types of pesticides used in agricu lture and horticulture.
Estimated annual average quantities of active ingredient 1971-5
England and Wa les
Pesticide group
TABLE 4
"Sp ray
hectares" (a)
Tonnes of
active ingredient
per year
Insecticides
Organochlorine compounds 148 ,105 132
Organophosphorus compounds 844 ,0 11 4 19
Other insecticides 117,232 779
Seed treatments 3,717,621 565
Fungicides 1,896 ,538 2 ,194
Herbicides 6,020,624 15,712
Othe r pesticides 49 ,438 1,960
To tal 12,645,212 (b)
(Source : Ministry pesticide surveys , in DOE (1979))
i.
The biggest changes in fungicides involved the introduction of
systemic fungicides in the late 1960 's. Their greater efficiency having
led to economic control of a variety of plant diseases. Also , the number
of herbicides availab le up to 1976 increased about 2 times, partly as a
resu lt of new chemicals with general herbicidal activity and also partly
due to the increased use of chemicals to control grass weeds in cereals.
Thus , the trends in pesticide usage up to 1976 can be roughly
summarised in the form of a graph of sales in the UK (Figure 1). However,
it appears that, in 1976 , nearly 50 per cent of sa les by value were
exported . While , of that sold inside the UK , nearly 90 per cent we re for
use in agriculture and horticulture (DOE , 1979). But, there was an upward
trend in sales of pesticide reflecting increased usage and not merely
increased costs (DOE , 1979). More recent data on pesticide usage for 1977
are presented in Tables 5, 6 and 7 (DOE , 1979).
What is not apparent from these tables is the declining use of
organochlorine compounds in agriculture. In add ition, there is evidence of
a substanial increase in the use of herbicides on certain crops and a
recent increase of insecticide use on cereals. Indeed , herbicides form the
majority of pesticides applied and are now used on virtually all
agricu ltural and horticultural crops grown on any scale, crops often
receiving two or more applications . It has been estimated (Fryer, 1977)
that the tota l area of agricultural land in the UK treated with herbicides
is in the range of 4 .2 to 5.4 million hectares.
Since 1977, Sly has pub lished two other reviews of pesticide usage
(Sly 1981 and 198 5). First, for the period 1975 to 1979 (Sly , 198 1) Table
8 , gives a comparison of their usage on agricultu ral and horticultural
crops. There was little overall change in usage of the organochlorines and
the increased usage of organophosphorous insecticides was mostly on cereals
to control aph ids. The large increase in the a rea treated w ith other
insecticides , acaricides and mo lluscicides was mostly the increased usage
of pirimicarb to control cereal aphids and increased usage of aldicarb,
methiocarb  and  the s nthetic p rethroids. There were no substantial
changes in usage of seed treatments apart from the rep lacement of
persistent aldrin or dieldrin/mercury on cereals and sugar beet with other
formu lations .
C.
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TABLE  5
Types of pesticides used on cereals, 1974 and 1977
Es timated quantitites of active ingredients , Eng land and Wa les
(Source: Ministry pesticide surveys)
Spray
hectares
Tonnes of
active ingredients
Pesticide groups 1974 1977 1974 1977
Insecticides
Organochlorine compounds 0 1,000
Organophosphorus compounds 4 1,000 294.000 17 107
Other insecticides 5 ,000 272 ,000 1 43
Seed trea tments 3,309 ,000 3,358,000 553 480
Fungicides 616 ,000 978 ,000 394 588
He rbicides 4 ,475,000 4,408 ,000 8,727 8,026
Other presticides 67 ,000 188 ,000 84 263
(Source: Ministry pesticide surveys)
*potatoes, sugar beet, field beans, rape, mustard.
Source: DOE (1979)
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TABLE 7
Frequency of pesticide treatment*
Estimated percentage of planted area of arable crops receiving
particular total numbers of annual treatments
Cerea ls
Other arable crops
England and Wales , 1977
Area planted Number of treatments received
(hectares)
0 1-3 4-6 7-more
3 ,209 ,329 1% 55% 42% 2%
476,26 1 1% 43% 46% 10%
(Source: Ministry o f pesticide surveys)
*Including seed treatment
The biggest changes in fungicides involved the introduction of
systemic fungicides in the late 1960 's. Their greater efficiency having
led to economic control of a variety of plant d iseases. Also , the number
of herbicides available up to 1976 increased about 2 times, partly as a
result of new chemicals with general herbicidal activity and also partly
due  to the increased use of chemicals to contro l grass  weeds  in cereals.
Thus , the trends in pesticide usage up to 1976 can be roughly
summarised in the form of a graph of sales in the UK (Figure 1). However,
it appears that, in 1976 , nearly 50 per cent of sales by value were
exported . Wh ile, of that so ld inside the UK, nearly 90 per cent were for
use in agriculture and horticulture (DOE , 1979 ). Hut, there was an upward
trend in sales of pesticide reflecting increased usage and not merely
increased costs (DOE , 1979). More recent data on pesticide usage for 1977
are presented in Tables 5, 6 and 7 (DOE , 1979).
What is not apparent from these tables is the declining use of
organochlorine compounds in ag riculture. In addition, there is evidence of
a substanial increase in the use of herbicides on certain crops and a
recent increase of insecticide use on cereals. Indeed , herbicides form the
majority of pesticides applied and a re now used on virtually all
ag ricultural and horticultural crops grown on any scale, crops often
receiving two or mo re applications . It has heen estimated (Fryer, 1977)
that the total area of agricultural land tn the UK treated with herbicides
is in the range of 4 .2 to 5.4 million hectares .
Since 1977, Sly has published two other reviews of pesticide usage
(Sly 198 1 and 1985). FIrst, for the period 1975 to 1979 (Sly, 198 1) Table
8 , gives a comparison of their usage on agricultural and horticultural
crops . The re was little overall change in usage of the organochlorines and
the increased usage of organophosphorous insecticides was mostly on cerea ls
to control aphids . The large increase in the a rea treated with other
insecticides , acaricides and mo llusticides was mostly the increased usage
of pirimicarb to contro l cereal aphids and increased usage of aldicarb,
methiocarb and the s nthetic p rethroids . There were no substantial
changes in usage of seed treatments apart from the rep lacement of
persistent aldrin or dieldrin/mercury on cereals and sugar beet with other
formu lations.
•
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TABLE 8 Estimated annual usage of pesticides in agriculture and
horticulture in England and Wales , 1971-9174 and 1975-1979
(spary hectares and tonnes of ac tive ing redien ts)
Pesticide
OC insecticides, aca ricides
OP insecticides
O ther insec ticides, acaricides,
moLlusc icides
Seed Trea tmen ts
Fungicides
H erb icides, defo lian ts
O ther pesticide s
* includ ing chem ica ls for burning-off
Source: Sly (1981)
Spray
hectares
1971-1974
148,000
845,000
93,000 1,286
3,718,000 565
1,895,000 2,400
6,003,000 15,250
81,000
1975-1979
Spray
Tonnes hectares Tonnes
131 146,000
430 975,000
597,000
3,753,000
2,253,000
7,868,000
203,000
166
534
907
591
2,336
19,925
1,038
However, there was an overall increase in usage of fungicides mainly due to
a large increase in usage of systemic fungicides. The apparent large
increase in usage of herhicides is ma inly accounted for by the 1.8 m ha of
grassland wh ich were treated in 1979 , w ith no comparable data avilable for
the period 1971- 1975. Rut there was an increase in the usage of total
he rbicides such as paraquat and glyphosate , mostly for stubble clearing,
and of herbicides for the control of grass weeds in cerea /s.
Usage of pesticides on each group of crops (19 75-1979) is summarised
in Table 9 (Sly , 1981). Other arable crops consisted mostly of potatoes ,
sugar beet, field beans, mustard and rape g rown as seed crops. Although
not included in Table 9, the comparative figure for usage in Forestry in
1978 is 0 .04 applications . Ove rall usage varied considerably and is shown
below :
* 1978 only
In terms of spray area , the most extensive usage was of seed treatments and
translocated herbicides (both ma inly to ce reals). The largest tonnages of
active ingredients we re dithiocarbamate fungicides (mostly on potatoes),
herbicides and sulphuric acid used at high rates of active ingredient per
acre on about one-fifth of ma in crop potatoes.
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Crop Croup Mean number of
pesticide applications
Fodder/forage crops (mostly grass) 0 .4
Ce reals 3.0
Vegetables 3.9
Other arable crops 4.8
Hardy nurse ry stock 6.1
C lasshouse crops 8 .1
Soft fruit F1.7
Orchards 17 .1
Hops 23 .4
* Forestry 0.04
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The most extensive areas treated with insecticides, acaricides and
molluscicides were with demeton-s-methyl and dimethoate to most crops , and
pirimicarb especially upon cereals . Abou t two-thirds of all seed
treatments included mercury , about 80 percent of cereals and all sugar beet
seed being so treated. Also large quantities of ethirimol and HCH/mercury
were used as seed treatment. The most extensive areas treated with
fungicides were with tridemorph, carbendazim, "Dithanen  (either mancozeb or
zineb), and benomyl. Apart from Dithane (used mostly on potatoes) these
fungicides are all systemic. The systemics were mostly applied to cereals,
the dithio carhamates to potatoes and captan and sulphur to fruit and
hops. In terms of quantity of active ingredients, usage of eight
fungicides  exceeded  100 tonnes. These were mancozeb, tridemorph , captan ,
zineb , sulphur, maneb, carbendazim/maneh and propineb. Lastly the usage of
herbicides  is  complicated  because many of  them  are  formulated  as  mixtures ,
but the most widely used active ingredients were dicamba, dichlorprop and
mecoprop, mostly alone. Similarly, the quantities of active ingredients
are obscu red by mixtures bu t extensive quantities of most of the above were
used.
As nearly 400 pesticides or formulated mixtures of pesticides were
recorded during 1975-1979 it is not feasible to compare the changes in use
of each of them. The most important are shown in Tahle 10 (Sly, 198 1). Of
the insecticides , there were very large increases in usage of aldicarb ,
pirimicarb and dimethoate on most crops and a large increase in triazophos 
usage , mostly on brass icas. The inc reased usage of methioca rb was mostly
on arahle crops. The re was also evidence , towards the end of the survey of
a large scale usage of synthetic pyreth roids (especially permethrin and
decamethrin). Cereal seed treatments showed the withdrawal of
aldrin/mercury and dieldrin/mercury and an increase in usage of HCH/mercury
in the ir stead. On sugar beet, dieldrin/mercury has been replaced by
methiocarb/mercur .
Changes in usage of fungicides are ma rked by large increases in
systemic fungicides including the introduction of new chemica ls such as
triad imefon. The reduced use of ma neb and fentin acetate mane!) on potatoes
has been matched by increased usage of mancozeh and of captafol. Lastly,
several herhicides have shown increased usage , notably paraquat (and
glyphosate) for total weed control, benazolin mixtu res for broad leaved
weed control in ce reals , flamprop-isopryl, isoproturon and difenzoquat for
control of grass weeds and trifluralin on hrassicas .
(41
lb
TABLE 10 The more importan t usage of pesticides in
(spray area '000 ha)
 (Sly ,
 1981)
197 1-1974 and 1975 -1979 IP
(I I
lb
Pesticide Usage in (..
MP1971- 1974 1975- 1979
(40
INSECT ICIDES, ACAR ICIDES , NEMATICIDES, MOLLUSCICIDES
lbDDT 62 59 ( . .Triazophos 3 50 UPDemeton-S-methyl 337 408
Dimethoate 115 224 ( 00Aldicarb 3 89
Pirm icarb 29 316
SEED TREATMENTS A Dl
Aldrin/mercury 22 0 6
D ieldrin/mercury 212 0
Ch lorfenv inphs/mercury 106 73 (ID
Eth irimol 436 477
HCH/captan 42 99 •
HCH/mercury (single rate) 1,247 780 (
HCH/mercury (double rate) 144 173 0
Mercury 1,322 1,4 72
Methiocarb/mercury 10 203 ( •
FUNGICIDES 6Benomy l 45 120 (Carbendazim 2 213 lbTriad imefon 0 121
Tridemorph 422 367 ( •Dinocap 131 54
Mancozeb 242 293 0Maneb 153 80 iDith ian 95 71
•Fen Lin acetate/maneb 133
HERBICIDES ( I I
Bromoxyn il/ioxynil/dichlorprop 100 179
Paraquat 229 379
Phenmedipham 114 155
Isoproturon 2 157 •
Tri-allate, di-a llate 377 309
Barban 257 177 6
Benazolin m ixtures 9 216
Benzoy lprop-ethyl 164 220 41
2,4-D 210 193
Dicamba/MCPA 242 12
Dicamba/Mecoprop/MCPA 290 577
Dichlorprop 175 155
D ich lorprop/MCPA 162 29
Digenzoquat 7 254
Flamprop-isopropy l 1 108
MCPA 990 950
Mecoprop 710 644
2,4 ,5-T (e lone) 6* 173
2,3,6-TBA/Dicamba/MCPA/mecoprop 200 269
Trifluralin 16 80
OTHER CHEM ICALS 4Ch lormequat 42 188
Ma leic hydraz ide
Methy l brom ide
0 .6
0 .2
3
0 .6
More recently , a review of pesticide usage for the period 1980 to
1983 has been published (Sly, 1985). A summa ry of usage on all crops in
the periods 1971-74, 1975-79 and 1980-83 is shown in Table 11. The
quantity of the organochlorine insecticides used in 1980-83 fell compared
with 1975-79 although the area treated increased, ma inly due to the usage
of HCH on the greatly increased area of oilseed rape. The annual usage of
00T continued to drop from about 70 tonnes to about 34 tonnes in 1980-83,
31000 ha being treated compared with 59000 ha in 1975-79. There was little
change in the usage of organophosphates. The use of carbamates increased
dramatically mainly due to methiocarb being used to control slugs in
cereals. There was a large increase in usage of pyrethroids on most crops,
applied at low rate of active ingredients . The drop in quantities of
applied seed treatments since 1979 arose from the replacement of ethirimol
as a cereal seed treatment with other sytemic fungicides applied at much
lower rates of active ingredients. There was a large overa ll increase in
usage of fungicides, mostly from the increased usage of foliar-applied
systemic fungicides to cereals. Most of the increased usage of herbicides
meanwhile, was on cereals and othe r arable crops, although the greater area
of grass included in the surveys in 1980-83 increased the treated area of
grass . Expanded summaries of usage in 1980-83 are shown in Table 12
(treated hectares) and Table 13 (tonnes of active ing redients).
1.3 The chemistry of some commonly applied pesticides
There are several general classes of pesticides, as shown in the above
tahles . The most commonly used he ing the organochlorine,
organophosphorous, carbamates and more recently synthetic pyrethroids .
These can perhaps best be summarised by reference to some examples of the
most commonly applied insecticides , fung icides and he rbicides available in
the U.K.
a) Insecticides 
(i) Organochlorines
The organochlorines are insecticides that contain carbon , chlorine and
hydrogen, the chlorine being substituted at various points on either a
chain or ring structure of hydrocarbons. As a general rule , it has been
shown that the more chlorine substitution , the better the chemical is as a
pesticide , and also the more resistant it is to deg radation . However,
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these cause severe water quality problems because of their very slow
degradation rates.
40 CCI3
40 CI CH / CI
41
41
41
41
41
41
41
41
41
HCH (Hexachlorocyclohexane)
41
41 HD , is made by chlorinating benzene , wh ich results in a product made
41
up of several Isomers, that is, mo lecules containing the same k inds and
number of atoms hut differing in the interna l arrangement of those atoms.
41 HCH has five isomers, alpha, heta, gamma , delta and epsilon . But , only the
41 gamma isomer has insecticidal properties . Since the gamma isomer is the
41
only active ingredient, methods were developed to manufacture lindane , a
product containing 99 percent gamma isomer, which is effective against most
41 insects, but also quite expensive, mak ing it impractical for crop use.
41
The structure of HCH is given below :
41
CI
41 CI CI
CI
•
DDT is undoubted ly the most famous and infamous of the
organochlorines. The U.S.E.P.A . cancelled all uses of DDT in 1973 (Ware ,
1983) and the DOE has encouraged its demise in recent years due to its long
term persistence in soils and its accumu lation in food chains. The
chemical structure for DDT is presented below :
The chemical is highly persistent due to its chemical stability. Second ,
DDT 's solubility In water is only about 6 ppb of water, i.e. probably the
most water—inso luble compound ever synthesized . However, it is quite
soluble in fatty tissue, and, as a consequence of its resistance to
metabo lism , it is readily stored in the fatty tissue of any animal
ingesting DDT alone or DDT dissolved in the food it eats , even when it is
part of another anima l.-
CI
Cl
Cyclodienes
Generally , the cyc lodienes are persistent and are stable in soil and
relatively stable to the ultraviolet action of sunlight. Consequently,
they have been used in greatest quantity as soil insecticides (especially
chlordane, heptachlor, aldrin and dieldrin). Because of their persistence ,
their use on crops was restricted; undesirable residues remaining beyond
the time for harvest (Ware, 1983). Most agricultural uses of these were
cancelled hy the EPA between 1975 and 1980 , and their use has since been
discouraged in the U .K . due to their persistence. Also , the cyvlodienes
are h igh ly toxic to fish (Ware , 1983) because when they are introduced into
water the fish continually respire and ingest any toxic compound contained
in their aquatic environment.
(ii) Organophosphates
The chemically unstable organophosphate (OP) insecticides have
virtually replaced the persistent organochlorine compounds, especia lly in
home and garden usage. As the name implies, these compounds are
organically complexed phosphorous mo lecules which gene rally have the
structure shown below :
(organic rad ical )
These compounds a re normally easily hydrolized and are therefore somewhat
easily degraded . However, almost all of the compounds in this group have a
very high toxicity in mammals .
Thus the OPs have two distinctive features . First, they are generally
much more toxic to vertebrates than are the OCs , and , second , they are
chemica lly unstable or non persistent. They are divided into three
groups — the aliphatic , phenyl, and heterocyclic derivatives.
( Eh
to
Aliphatic Derivatives
The term aliphatic means "carbon chain" and the linear arrangement of
carbon atoms differentiate them from ring or cyclic structures. All of
these are simple phosphoric acid derivatives bearing short carbon chains.
Contained among the a liphatic derivatives are several plant systemics
includ ing the common ly used dimethoate shown below :
Phenyl Derivatives
Heterocyclic Derivatives
DTMETHOATE (Cygon )
0
(CH30)2 P - S - CH2C - NH CH3
Systemic insecticides are those that are taken into the roots of plants and
translocated to the above ground parts, where they are toxic to any sucking
insects feeding on the plant juices.
When the benzene ring is attached to othe r groups  i t  is referred to as
phenyl. The phenyl OPs contain a benzene ring w ith one of the ring
hydrogens displaced by attachment to the phosphorous moiety and others
frequently displaced by CI, NO2 , CH3, CN or S . The phenyl OPs are
gene rally more stable than the a liphatic OPs; consequently their residues
are longer lasting.
The term heterocyc lic means that the ring structures are composed of
different or unlike atoms. In a heterocyc lic compoun d, for example , one or
more of the carbon atoms is displaced by oxygen , nitrogen or sulphu r, and
the ring may have three , five or six atoms. Gene rally they have
longer-lasting residues than many of the aliphatic or phenyl derivatives .
Also, because of the complexity of their mo lecular structures , their
breakdown products (metabo lites) are frequently many , making their residues
sometimes difficult to measure in the laboratory .
(iii) Carbamates
Carbamates are derivatives of carbonic acid 0
HO - C - NH2 and are
broad-spectrum in effectiveness. Several of the carbamates are plant
systemics , indicating that they have a high water solubility , which allows
them to be taken into the roots or leaves. They are also not read ily
metabolized by the plants. For example, aldica rb , (shown be low has
distinct systemic characteristics.
Aldicarb is also used as a soil insecticide and under rare circums tances
has been detected in shallow groundwater following certain uses (Ware,
1983).
Methiocarb is another commonly used carbama te (shown below) and is
effective against foliage- and fruit- eating insects, as well as against
mo lluscs . It is also registered as a hird repellant for cherries and as a
seed dressing.
CH
CH3 S
C ld 3
(iv) Synthetic Pyrethroids
These are ve ry stable in sunlight and are generally effective against
most agricultural pes ts when used at a low rate of 0 .11 to 0 .23 kg/ha.
Examples are permethrin and decamethin. Permeth rin (shown below) appeared
in 1973:
0 12 0 CH
ALDICARR (Temik )
CH3 0
CH3 - S - CCH = N - 0 - C - , NH - CH3
CH3
METH1OCARR
0
0 C - NH C H
PERMETHRIN
O- CH 2
3
•
C.o
(•
•
•
One of the first agricultural pyrethroids because of its exceptional
insectida l activity (0 .11 kg AI/ha ) and its photostability, lasting four to
seven days on crop foliage as effective residues.
A more recent generation of pyrethoids , includes decamethrin, with
rates of application reduced to one-tenth of the above (i.e. 0 .01 to 0 .06
kg AI/ha). This is fairly phenomenal compared to the rate of 1.1 to 2.3 kg
AI/ha required of the OP, carbamate and OC insecticides. Decamethrin , is
shown be low :
DECAMETHRIN (Decis )
OCH2 C OH
0
CH2 - COH
0 (OH3) 2
( Br )
20 - CH
All of these insecticides are photostable, providing long residual
effectiveness in the field at low applications .
b) Or anic Herbicides
(i) Phenoxyaliphatic Acids
An organic he rbicide introduced in 1944 , later to he known  as  2 ,4-D ,
was the first of these herbicides. These are h ighly selective for broad
leaf weeds and are translocated throughout the plant. Several compounds
belong to this group , of which 2 ,4-0 , MCPA and the notorious 2 ,4 ,5-T are
the most familiar.
All three of the above have been used for years in very large volume
worldw ide with no adverse effects on human or animal health . 2,4-D (shown
below)
C I
con tinues to be extremely useful. In agriculture it is used on cereal and
grain crops for the control of broad-leaf  weeds  and on paths and in
forestry , as is MCPA (below):
(ii) Nitroanilines
These are probably the most heavily used group of herbicides in
agriculture. They are used almost exclusively as soil-incorporated
pre-eme rgence selective herbicide in many field crops . A commonly used
examp le in the U .K . is Trifluralin (shown below):
NIC) 2
This has a very low water solubility which minimizes leaching and movement
from the target.
(iii) Heterocyclic Nitrogens
TRIFLURAL IN (Treflan )
NO2
CF3 \ N ( C3H7 )2
The triazines, which are six-member rings containing three nitrogens,
and azine (a nitrogen containing ring) make up this group.
Probably the most familiar group of heterocyclic nitrogens, because of
their heavy use are the triazines, which are strong inhibitors of
photosynthesis. Their selectivity depends on the ability of tolerant
plants to degrade or me tabolize the parent compound (the susceptible plants
do not). Triazines are applied to the soil primarily for their post-
eme rgence activity. Two common ones are illustrated below :
ATRAZINE
C2H5HN
CI
C2H5
SIMAZINE (Aquazine )
N N
CHH 3
N H CC<
NHC2H5
C H 3
They are used in greatest quantity in corn production and nonse lectively on
industrial sites.
(iv) Aryaliphatic Acids
These are aryls , or six-member rings attached to aliphatic acids. For
example, dicamba (below) is app lied to the soil against germinating seeds
and seedlings .
(v) Bipyridyliums
CI
(vi) Miscellaneous Herbicides
DICAMBA
COOH
CI
There are two important herbicides in this group, diquat and
paraquat. Both are contact herbicides that damage plant tissues quickly.
Rapid wilting and dessication occur with in hours. Neither is active in
soils and in the U .S. they are on ly available to professional weed control
specialists (Ware , 1983). Paraquat is more commonly used in the U .K . (S ly,
1985) and is shown below :
PARAQUAT
CH3 N+
\ N+CH1
-
2+
2 CV
Because all the leaves drop off, paraquat is conside red a defoliant and is
often used on cotton , potatoes and soy beans.
One such common herbicide used in the U .K . is C lyphosate , discovered
in 1971. It is a nonselective , non residual, post-emergence materia l. It
is recognised for its effectiveness against perennial, deep-rooted grass
and broad-leaf weeds , as well as woody brush problems in crop and non crop
areas. It is a translocated , foliar applied herbicide that can be applied
at any stage of plant growth or at any time of year, with most types of
application equipment. Its chemica l composition is shown below :
is undoubtedly the most heavily used fungicide around the home of all
classes and captafol appeared in 1961. They are both used primarily as
fo liage dusts and sprays on fruits , vegetables and ornamentals and are
shown below :
CAPTAN
0
These are some of the safest ot all pesticides available and are
recommended for lawn and garden use , as seed treatments , and as protectants
for mildews etc.
(iii) Systemic fungicides
On ly in recent years have successful systemic fungicides been
marketed. Most have eradicant properties that stop the progress of
existing infections . A few can he applied as soil treatments and are
slow ly absorbed through the roots to give prolonged disease control.
Systemics also reduce the risk of contaminating the environment by
fraequent broad fungicidal treatments. Undoubtedly these will gradually
replace the protectants that compose the bulk of the fungicides used at
present.
(iv) Renzimidazoles
RENOMYL
CAPTAFOL (Difolaton )
0
Il
N- S- CCI3 N S- CC12--CH0 2
0 0
These are commonly represented in the UK by benomy l which was
introduced in 0 68 and is used against a broad spectrum of diseases .
Renomyl (shown helow) has the widest spectrum of fung itoxic activity of all
the newer systemics.
9
- NH- C4H9
0
NH C 0 CH3
Also , carbendazim, introduced in 19 71 has proved useful in controlling
Du tch elm disease , when inlected into tree trunks.
CI
Pyrimidines
Traizoles
CARBENDAZIM (Lignason )
These systemic fungicides anpeared in the late l960s and inc lude
ethirimol (shown below):
ETHIRIMOL (Milcurh Supe r)
CH
0
C N H- 0 CH3
H9
OH
NHC±H5.
It is very active against specific types of powd ery mi ldews, especially for
cereals.
Lastly , Triadimefon is the sole systemic fungicide of the triazo le
group. It carries both protective and cu rative actions, and is effective
against mildews and rusts on  vegetables ,  cereals , deciduous fruit, grapes
and ornamentals .
TRIADIMEFON (Bayleton )
0
0 C
1
H- C- C (CH3)3
1.4 Pesticide applications techniques
Pesticides are normally marketed as formulated products, ready for use
directly or after dilution w ith wa ter, or some o ther solvent. The majority
of formu lations are designed for use as sprays , other types include baits ,
dusts and granules.
The aim in application is clearly to use a pesticide as economically
as possible to achieve the desired result , with minimum harm to the
neighbou ring environment. However, if a crop is sprayed from the air in
;10 high winds , for example, it will drift and may adversely affect people or
livestock , and may destroy plants or hedgerows. Even ground spraying can
be so badly done as to cause damage. Various application me thods  are  thus
• commonly employed in the U .K .
a) Aerial Spraying 
40
There has been an appreciable increase in aerial spraying in recent
•
years (Sly , 1981), as shown below :
Aerial applications ( ,000 hectares)
40
• Aircraft 1976 1977 1978 1979
•
Fixed Wing 4 13 405 339 393
Helicopter 137 177 247 259II
• Total 550 58 1 585 653
The ahove data also includes aerial applications of fertilisers and
seed. However, despite this , an indication of the increase is still
apparent. The most extensive usage was on cerea ls , potatoes , peas , beans
and oilseed rape. Demeton-S-methyl, triazophos, dimethoate and pirimicarb
were the most used insecticides while maneh, fentin acetate/maneb,
triadimephon , carhendazim/maneh and tridemorph were the most used
•
fungicides. Application of herbicides and other nesttcides from the air
accounted for only about four ner cent of all applications (Sly, 198 1).40
It must he remembered that use of the more toxic or persistent
chemicals is excluded and any special risks (such as that to bees) is
carefully assessed.
Aerial spraying on forests is rarely practised in the UK , but during
1978 the Forestry Commission carried out a large sca le operation on forests
of lodgepole pine in the North of Scotland, spraying over 5000 hectares
w ith the OP insecticide fenitrothion.
410
(b) Ultra Low Volume (ULV ) and Controlled Droplet Application (C0A )
These techniques are largely associated with he rbicides which account
for nearly 75 per cent of the active ingredient used in agriculture in the
UK .  With these methods , pesticides which are normally applied on farms in
fairly diluted form by pumping them through nozzles to form a spray
consisting of  a  mixture of large , medium and small droplets , at typ ical
app lications of 250 litres or more of spray mixture per hecta re, with so
called "low volume " applications ranging upwards  of  100 litres/hectare,
wou ld be replaced by ULV methods, typically spreading about 25
litres/hectare in a more concentrated form. The associated CDA technique
enables this more concentrated form to he projected from a spinning disc in
droplets of a more uniform size. Thus, ULV/CDA techniques , if perfected,
cou ld lead to a reduction of up to 25 per cent in the total quantity of
active ingredient used (DOE , 1979). However, extra precautions are
necessary to avoid spray drift of these more concentrated sprays .
1.5 The Risks of Pesticide Use
Two properties of pesticides are particularly relevant to a
consideration of their impact on the environment : these are their
selectivity and persistence.
(a) Selectivity
Many modern pesticides are selective to a greater or lesser extent;
that is, they are more toxic to some groups of organisms than to others.
The selectivity may he increased hy the choice o f formu lation or by the
method and timing of application. However, in recent years due to the high
cost of pesticide development, manufacturers have tended to look for
chemicals which control a range of pests and diseases.
(b) Persistence 
The rate of breakdown of an organic pesticide is dependent on its
chemical structure and a wide variety of processes, which are affected by
such factors as the soil type and acidity , temperature and mo isture
conditions . The re is a wide range in the times of degradation, as shown in
Table 14 be low .
( •
(•
•
( •
( •
•
( •
very low rate of degradation . The OPs in contrast, persist on ly for a few
days or weeks. It may also be noted however, that w ith the change to less
persistent materials, the active ingredients of insecticides have tended to
be more acutely toxic to man and other vetehrates. Although clearly while
any such risks are highly localised in their extent, a reduction in spray
drifting becomes increasingly important.
Moreover, it is insufficient to consider only the risks to the
environment of the chemica ls as applied, since some of the metabolic
products they give rise to may he more damag ing and even mo re stable than
the origina l compounds , thus caus ing greater residue problems . For an
example , the reader is referred to the work of Pleiva and Gentile (1926) on
the herbicide atrazine.
In addition , the re remains particular concern about the possible long
term effects of the persistent OC compounds such as DDT , aldrin and
dieldrin. Because of their early widespread use and their great
persistence they have become widely dispersed in the environment and they
constitute still the most prevalent and predom inant of all pesticide
residues in man, entering via the food chain.
1.6 Pesticide Residues in Soil and Water
It is clear that the distribution and fate o f pesticides are
determined by a host of variables that includes the nature of the pesticide
and the many factors that determine the environment in which it is found
(McEwen and Stephenson , 1979). Figure 2 depicts some of these factors.
(a) Pesticides in Soil
(i) Sources
Intentional Application
Direct application to the soil surface , incorporation in the top few
inches, or application to crops are the routes by which most high
concentrations of pesticides reach soil.
Unintentional Application
Large amounts also reach the soil through drift during application and
through atmosphe ric fallout. For example, as much as 50% or more may he
lost to the target area during aerial spraying due to variations in wind
speed , droplet size and air temperatures. Also, with regard to atmospheric
fallout, studies in the 1960 's have demonstrated the presence of pesticides
in rainwater and/or snow (Tahle 15).
Table 15  :  Pesticides in Rainwater  —  some highest levels reported
PESTICIDE AREA LEVEL
(ng/t)
STUDY
DDT England , Wheatley and Ha rdman
(1965)
DDT England 470 Abbott et al (1965)
DDT England 46 Ta rrant and Tatton
(1968)
Dieldrin England 40 Tarrant and Tatton
(1968)
Dieldrin England 95 Abbot et al (196 5)
RHC  Eng land 175 Abbott et al (1965)
RHC  England 260 Tarrant and Tatton
(1968)
Source : Adapted from McEwen and Stephenson (1979)
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Many factors influence the behaviour and fate of pesticides after
contact with soil (Figure 3). These include (1) adsorption to clay and
organic matter, (2) leaching w ith the downward percolation of water, (3)
vo latilisation to the atmosphere , (4) uptake by soil organisms or plants,
movement with runoff water or eroded soil, (6) microbial degration , (7)
chemical degradation, and (8 ) photolysis of primary importance is the
chemica l nature of the pesticide and the soil type . Environmentally the
processes of adsorption and desorption are crucial since they influence
most of the other processes determining the eventual fate of a pesticide .
Adsorption
Pesticides have varying tendencies to he adsorbed or attracted to clay
or organic matter particles or to be dissolved in the soil solution . For
the most part the adsorption sites on clay or organic matter are negatively
charged and constitute the -Cation Exchange Capacity- of a particu lar
soil. For each pesticide, soil type , and set of soil conditions , a
d ifferent eouilihrium is established between the amount adsorhed and the
amount dissolved in the soil so lution.
Soil Type
(41
•
(41
Seasonal use patterns generally suggest an explanation for some of the
variations observed in the above studies , hut not all. Howeve r, it is
doubtful that the levels present in rainwater are sufficiently high to
constitute a major sou rce of soil contamination (Edwards, 197 3).
(ii) Fate of Pesticides in Soil
•
(40
(40
Of special importance are the soils clay and organic matter content ,
for these are colloidal and have a high cation exchange capacity and
surface area. Thus , higher rates of pesticide application are required for
effective control if so ils are high in either clay or organic matter, since
in such soils , much of the pesticide is adsorbed and not active, therefore
producing mo re persistent residues.
40( 40
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Nature of the Pesticide
The chemical structure of a pesticide determines sorption equ ilibrium
by influencing its direct affinity for the clay or organic ma tter, or by
influencing its solubility or affinity for the soil solution . Many
investigators have noted a general but not precise inve rse correlation
between pesticide solubility and adsorption (McEwen and Stephenson , 1979).
Also, granular formulations are usually the most persistent. Wettable
powder and dust are often less persistent than emu lsifiable preparations.
Soil Moisture Content
One would expect more pesticide to be adsorbed in dry soils. This is
true in moderately light to very light soils, but not in heavy soils,
however (McEwen and Stephenson, 1979). Thus, because water molecules are
themselves po lar they begin to compete with the pesticide mo lecules for
adsorption sites on the soil colloids , forcing more of the pesticide into
so lution.
Soil pH
The fate of pesticides in so il varies with pH , primarily because of
the influence of pH on sorption. Soil pH also affects chemical degradation
and thus pesticide adsorption is usually highest in mo re acid soils.
However, within normal pH ranges , s light increases in acidity may convert
pesticides from negatively charged anions to uncharged molecu les or even to
positively charged cations, and thus dramatically increase their sorption.
Bu t , when so ils are extremly acid, most of the cation exchange sites are
occupied by hydrogen cations , and pesticide adsorption is consequently low
due to the lack of negative sites. Adsorption is also very low at
extremely high pHs.
Soil Temperatu re
Pesticide adsorption in soil is an exothermic process. When hydrogen
or ionic bonds are formed, heat is given off. Thus , when the soil
temperature increases , the input of heat can break some of these bonds and
cause desorption of some pesticide molecules.
•
•
•
•
•
•
•
•
•
•
•
Leaching
Solubility is an important aspect related to pesticide persistence in
soil. W ithin limits , pesticides highly or moderate ly soluble in water are
leached from soils more quickly than those that are less soluble.
Movement with Runoff water
As water moves laterally over a sloping soil su rface, pesticides can
be described and moved with runoff. Lateral movement is likely to he
greatest under conditions of least adsorption.
Moveme nt with Eroded Soil
No soil applied pesticide is immune to transpo rt if it is adsorbed.
onto soil particles . The longer it remains adsorbed at or near the soil
surface w ithout degration, the more likely it is to he eroded.
Volatilization
Several factors influence pesticide volatilization. The structure of
the chemical is important since tt determines its vapour pressure. Coo l,
dry conditions in soils w ith high organic matte r or clay content, normally
result in ve ry little loss of even the most vo latile chemicals, since they
are adsorbed tightly . Conversely, warm, moist conditions gtve greater
desorption and greater volatilization losses.
Microbial Degradation
The primary microorganisms in soil are algae , fungt, actinomycetes ,
and bacteria. Most of these a re dependent on organic compounds for energy
and growth. When an organic pesticide ts added to soil and reaches an
equilibrium between the soil colloids and the soil solution , any molecules
in the soil solution are immediately attacked as potential energy sources.
Thus, any factors that encourage the growth of degrading
microorganisms or that increase the availability of the pesticide in the
soil solution will enhance the disappearance of the chemical. Thus ,
conditions such as warm temperatures, adequate soil moisture and aeration,
unextreme pH , and adequate fertility, encourage microorganisms and increase
desorption and the availability of pesticides.
Chemical degradation
Chemical reactions in soil can destroy the activity of some pesticides
and activate others. Whereas adsorption normally decreases microbial
degradation rates, it may enhance the chemical degradation of some
compounds. In chemical degradation pH is important, but its exact
influence varies for different pesticides . For example , the herbicide
atrazine degrades faster at a low pH (Arms trong and Chesters, 1968),
whe reas malathion breaks down quicker at a high pH .
Photodegradation
soil surveys have been eithe r persistent inorganic chem icals such as
arsenic, that were used as insecticides prior to 1945, or persistent O .C .
insecticides (Edwards , 1973). Residues of very few OP insecticides have
•
•
1 •
(
Few organic pesticides are completely resistant to photolysis, but it •
is probably not a majo r means of pesticide inactiviation or disappearance
in soil.
(iii) Conclusion
•
•
•
•
It is clear that there are many diffe rent processes that influence the
movement , persistence and activity of pesticides in the soil. It is also
clear that the re are countless ways in which these processes can interact,
as seen in Figure 4.
•
•
•
( •However, with few exceptions , the only pesticide residues reported in
been reported from areas of intensive use . Unfortunately , little
information exists for UK soils (Edwards , 1973). •
•
In almost all the UK soils surveyed the commonest chemical has been
•
DDT , with the next most common being dieldrin. Few others have been found
in UK soils as seen in Tables 16 and 17. •
•
•
• Adsorbed pesticides
0 are mo re likel to:
I Move with eroded
• so il.
2 Be taken up by
• earthworms if
lipoph ilic .
• 3 Be degraded
chemically .
Factors resulting in
reater desor tion
1 Higher soil temperature .
2 Higher pesticide solubility
within related groups,
3 Higher soil mo isture content
in light soils.
4 Greater percent sand .
5 Higher soil pH .
P P
P P
P P P
ullibrium p pp pp
P P
P P PP P
P P
Adsorbed
Pesticide
Factors resulting in
reater adsor tion:
Dissolved
Pesticide
1 H igher clay content.
2 Higher organic matter content .
3 Greater polarity of the
pesticide molecule.
4 Cation ic nature of the
pesticide molecule.
Figure 4 Interrelationship of processes influencing the
fate of pesticides in soil.
Desorbed pesticides
are mo re like l to:
1 Volatilize from
the soil.
2 Move downwards by
leach ing .
3 Move laterally
with run-off
water .
4 Be degraded by
m icroorganism s.
5 Be taken up by
higher plants .
Table 16  Residues of DDT and related c s  in soil
Location
Res i due s
Re f e r e nce
 No. Sites Crop in ppm
Max Mean
Orchards & Vine ards
G.B. Edwards, 1969 Fruit 131.1 61.8
Agricultural 
G.B. Wheatley et al, 1962 21 Potatoes 0 .96 0.2
G.B. Davis, 1968 10 Mixed 0.80 0 .3
Source: Edwards (1973)
Table 17 Residues of other o anochlorine insecticides in soil
Location
Horticultural 
G.B.
Agricultural 
G.A.
G .B.
Residues
Re f e re nce
 No. Sites Crop in ppm
Max Mean
Edwards, 1969 Carrots 1.47 0.68 (Dieldrin)
0.7 0.15 (Dieldrin)
•
•
•
•
•
Wheatley et al, 1962 21 Potatoes 0.12 0.I2 (Aldrin)
Davis, 1968 10 Mixed 0.7 0.15 (Aldrin) 110
G .B. Edwards, 1969 Cereal 0.5 N.A. (V-BHC)
Source: Edwards (1973)
I.
•
(b) Pesticides in water
The widespread use of pesticides makes it inevitable that a portion of
these will contaminate surface waters (McEwen and Stephenson , 1979).
Hence , water, and the mud at the bottom of rivers are major reservoirs for
persistent residues.
(i) Sources
Waters are contaminated in the same way as soils through pesticide
drift during application and as atmosphe ric fallout of rain and dust.
Additionally , water may be contaminated through soil erosion , industrial
effluent, sewage and occasionally by spills into, or adjacent to , water
cou rses.
Atmospheric fallout
It is established that rain water contains pesticides. Some
contamination also occurs by the settling of atmosphe ric dust. No precise
data , however, exists.
Soil Erosion
Whe re pesticides are applied to land , those soluble In water may he
carried to nearby waters by surface runoff, and eithe r soluble or insoluble
pesticides may be carried on soil particles in runoff or eroded by wind .
Industrial effluent
Many industries use pesticides in the manufacture of their products,
and effluents may contain high levels. Many instances have heen reported
where DDT , lindane or dieldrin has been discharged from carpe t or fabric
manufacturing plants, where they are used for mothproofing.
Sewage
Pesticide sources Ln sewage include some discharges from industry ,
residues from homeowner's use , and a variety of fungicides and bactericides
used in soaps and cosmetics. The leve l of contamination may be high.
Edwards, (1973) cites instances where dilutions of 1:20 were required
before effluents would be safe for fish . For some pesticides , for example,
hexachlorophene , urban wastewaters probab ly represent the major source
(Sims and Pfaender, 1975).
Spills
The handling of pesticides in the volumes now used increases the
possibility of large—scale industrial spills during processing , storage and
transportation, as well as the problem of smaller spills by individual
applicators.
(ii) Fate of pesticides in wate r
The persistence of pesticides in water depends on a number of factors ,
on ly some of which can he qualified and/or quantified. Those that persist
in soil also persist in water or in river sediments, from which mixing with
the overly ing water constantly occurs.
Nature of the pesticide
W ith organic pesticides those that a re high ly so luhle are hydrolyzed
rapidly and have a short life In water. Among the pesticides, DDT ,
dieldrin and endrin are the most pe rsistent, as each are relatively
inso luble in water (o.2 ppb , 186 nph and 100 pph, respective ly) and
resistant to hydrolysis. Hence , these have the potential to persist in
rive rs and river sediments. For most pesticides however, persistence in
water is brief, irrespective of thei r so lubility.
Nature of the Water
The natural composition of the water also plays an important role in
the fate of pesticides in water.
I •
Chemica l composition
Some studies have considered water hardness (as CaCO3) as important .
However while some indicate that hardness is important in determining toxic
effects , others indicate that it has little effect on persistence and
toxicity (McEwen and Stephenson, 1979).
PH
Since many pesticides degrade by hydrolysis it might he assumed that
water pH would be important. However, although lahoratory findings make it
clear that pH is important to degradation it may he of only minor
significance in natural waters (McEwen and Stephenson , 1979).
Temperature
Increases in temperature increase the rate of chemical reaction and
the rate of volatilization of pesticides. Within limits they will also
increase biological activity and thus wou ld be expected to increase
biological degradation of pesticides .
Aquatic Life
Numerous studies attest to the fact that a w ide range o f plants and
anima ls detoxify pesticides . Any consideration of the biota to which
pesticides are exposed , must include that of the bottom mud , where
anaerobic and near anaerobic conditions prevail. Some of the mechanisms
involved in bilogical degradation include oxidations, dechlorinations,
reductions , hyd rolyses , and ring cleavage .
Of all the groups involved, microorgranisms are probably most
importan t.
Sediment and Suspended Matter
Many studies indicate that bottom sediments in rivers act as
reservoirs for persistent pesticides. Analysis of suspended matter
demonstrates a tendency for pesticides to become adsorbed or absorbed to
particulate matter whether organic or inorganic, living or dead .
A lso, a number of studies have correlated pesticide levels in streams
with loca l use patterns and rainfall. Thu s, Miles and Harris (1971) found
that the highest levels of DDT in streams in an agricultural area reflected
spring runoff and rainfall patterns throughout the growing season. Thus ,
sheet erosion probahly constitutes a majo r source of contamination.
Many of the factors that determine persistence in soils apply to the
problem in water. Table 19 gives a summary of the relative persistence of
some pesticides in natural waters (McEwen and Stephenson , 1979).
In British rivers , only DDT , BHC , aldrin and dieldrin had been
reported up to 1973. Up to then , on ly two surveys were available. The
first was a study in 8 south east rivers and 18 rivers from other parts of
the country (Croll, 1969 ). The amounts reported were relatively small,
being generally less than 50 ng/I, the occasional larges residues were
attribu ted to industrial effluents (Table 20). There were no residues in
the 12 different groundwater samples analysed.
(iii) Residue levels in surface waters (0
•
Estimates have heen made of the "safe" level for pesticides in
drinking water and Ettinger and Mount (1967) have noted the potential for
fish to accumulate some pesticides, suggesting maximum levels in water
which would give a reasonable measure of fish safety (Table 18). More
recently , maximum permissible levels have been recommended to protect fish
and aquatic life (Committee, 1973). These are much lower (see  Table 18).
(0
•
(0
,0
•TABLE 18 Levels of some pesticides permissible in po tab le
water and safe levels for su rface watersa
Pesticide
Dieldrin
Endrin
DDT
Heptachlor
Aldrin
Lindane
Chlordane
Methoxychlor
Toxaphene
2,4-D
2,4,5-TP(Silvex)
2,4,5-T
O rganophosphorous
plus carbamates
b
From Comm ittee, 1973.
Perm issible
Levelab
1
0.5
50
0.1
1
50
3
1000
5
20
30
2
100
a
Level expressed as parts per billion .
c
From Ettinger and Moun t, 1967
Maxm imum Suggested
Fishac
0.25
0.1
0.5
1.0
0 .25
5,0
0 .25
20.0
2.5
not given
not given
not given
not given
Aquatic
Lifeab
0 .005
0 .002
0 ,002
0 .01
0 .0 1
0 .02
0.04
0.005
0.0 1
- -
TABLE 19 Relative persistence of some pestic ides in natural waters
Non
aPersistent
azinphsmethy l
captan
carbaryl
ch lorphyrifos
demeton
dichlorvos
d icrotophos
d iqua t
DNOC
endosulfan
endothal
fenitrothion
IPC
malathion
methiocarb
methoprene
methyl parathion
mevinphos
parathion
naled
phosphamidon
propoxur
pyrethrum
rotenone
temephos
TFM
2,4-D
Slightly b
Persistent
aldrin
am itrole
CDAA
CDEC
chloramben
ch lorpropham
CIPC
da lapon
diazinon
dicamba
disulfoton
DNBP
EPTC
fenuron
MCPA
methoxychlor
monuron
phorate
propham
Swep
TCA
th ionazin
vernolate
a
Half-life less than 2 weeks
b
Half-life 2 weeks to 6 weeks
Source: McEwen and Stephenson (1979)
Moderately
ePersistent
aldicarb
atrazine
ametryne
bromacil
carbofuran
carboxin
ch lordane
chlorfenvinphos
chloroxuron
dichlorbenil
d imenthoate
diphenamid
diuron
ethion
fensulfothion
fonofos
lindane
linuron
prometone
propazine
quintozene
simazine
TBA
terbac il
toxaphene
trifluralin
Persistent
d
benomyl
dieldrin
endrin
hexachlorobenzene
heptachlor
Csodrin
monocrotophos
c
Ha lf-life 6 weeks to 6 months.
d
Ha lf-life more than 6 months
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(c) Drinkin Water ualit and Pesticides
The WHO gu ide lines for drinking water quality with regard to organic
constituents are presented in Table 21. Many of these organic constituents
are potentially toxic and can reach surface or groundwater either from
point or non-point sources. Many too are carcinogenic and a number have
been shown to be mutagenic.
In some cases where no threshold of toxicity exists , such as carbon
tetrachloride multistage extrapolation models have been used to give an
indication only , of potentially harmful levels to individuals and
communities.
No reasonable person would dispute the immense usefulness, in terms of
food production and health protection, of the wide range of pesticides now
available to mankind . Equally , it would he absurd to suggest that these
chemicals should be utilised without any controls designed to protect human
beings and the ecosystem from harmful effects resulting from this use .
In wate r, the CEC Directive sets two maximum allowable concentrations
for pesticides and related products , including insecticides , herbicides ,
fungicides, PCB and PCT (Table 22). These are :
a) for substances considered separately 100 ng /1
b) for all such substances , 500 ng/1
A comparison shows that, for the small number of pesticides and
related compounds covered in the WHO guide lines the total concentration is
134 pg/1 compared to only 0 .5 pg/1 (i.e. 500 ng/l) for all pesticides and
related products a llowed by the CEC Directive . Hence , one figure is 268
times the othe r. Clearly the re is a danger that unenforceable or
ill-considered controls cou ld lead to disregard of the whole problem of
pesticides in drinking water as will he seen later.
d ) Some recent case studies of pesticide residues in river waters
(i) Pesticide Po llution in Australia
Carman and Sutherland (1983) have studied the extent of pesticides as
non-po int sou rce po llutants in Australia . As in the U .K., herbicides
C.
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TABLE 21 WHO Gu idelines for drinking water quality
Organic Constituents
Substance Guideline value (pg/1)
A ldrin and D ieldrin 0 .03
Benzene 10
Benzo-a-pyrene 0 .0 1
Carbon tetrach loride 3
Chlordane 0 .3
Chlorobenzene no gu ideline set
Ch loroform 30
Chlorophenols no guideline set
2:4D 100
DDT 1
1:2-D ichloroethane 10
1:1-D ichloroethane 0 .3
Heptachlor and Heptachlor epoxide 0 .1
Hexachlorobenzene 0 .01
Gamma-HCH (Lindane) 3
Methoxychlor 30
Pentach loropheno l 10
Tetrachloroethane 10
Trich loroethene 30
2:4:6-Trichloropheno l 10
Trihalomethanes no guidelines set
TABLE 22A EEC d irect ige fo r drink ing w ate r qua lity A 1 .1
pestic ides and re lated products (inc lud ing PCBs)
For any one substance 0 .1
Fo r all su bstan ce toge ther 0 .5
Direc tive leve l (Mg/ 1)
9
•
•
i.e . Total concentration suggested by WHO guide lines (for on ly 8 pestic ide!,
is 268 times allowab le concentration for a ll pesticides under EEC
directive
•
•
22B WHO Guide lines for drinking wate r quality
pesticides (on ly 8 categor ies cove red )
Gu ide line
DDT
Aldrin and D ie ldrin
Ch lo rdane
Hexaclo rodben ze ne
Hep tach lo r and Heptach lor Expox ide
G amma HCH (L indane)
Me thoxyc lo r
2 :4D
TOTAL 3
valu e (pg/1)
0 .03
0 .3
0 .0 1
0 .0 1
3
30
100
•
•
•
(
•
•
•
(
•
•
•
•
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•not suspected to cause problems of toxicity, taste etc. in potable waters,
they do however, exceed the EEC "Drinking Water" Directive limits for
pesticides.
1.8 Modelling Pesticides in the aquatic environment
Numerous investigators in the U.S. have developed models for assessing
water pollution from nonpoint sources as indicated by Haith (1982). Bailey
et al (1974) and Leonard et al (1979) have deve loped models which
quantitatively describe pesticide runoff as a function of pesticide and
soil properties , agricultural practices , watershed characteristics , and
climatic factors. Unfortunately , as indicated by Dickinson and Wall
(1977), many such mode ls suffer from the following weaknesses: a) the
components and parameters are of a conceptual rather than physical nature
b) an inadequate characterization of the dynamic development of basin
drainage systems c) no identification of the soil moisiture storage
concepts d) no description of micro-drainage systems , and e) insufficient
emphasis on the role of large storms. In add ition to these deficiences ,
most models: a) assume instantaneous equilibrium between adsorbed
pesticides and those in so lutions , b) assume comple tely reversible
adsorption processes for all pesticides, c) apply uniform equations to all
organic chemicals regardless of their chemical properties, d) assume that
the diffusion and hydrodynamic dispersion of organic chemicals are
insignificant, even for volatile chemicals, e) assume saturated flow
conditions, and f) they do not include chemical decom position and
volatilization losses .
However, notwithstanding the above limitations , a brief review of some
of the available pesticide models is presented in an effort to indicate the
possibility of their successful development in the Br itish context.
a) ricultural Runoff Nana ement (ARM ) model (Doni an et al 1977)
Skogerhoe (1982) described the above model as a continuous one which
simulates rainfall, sediment, pesticides and nutrient contributions to
stream channels from both surface and subsurface sources. In this model,
pesticide adsorption/desorption and degradation are modelled . In order to
simulate vertical movement and transformations of pesticides and nutrients
in the soil profile , specific soil zones (and depths) are established so
that the total soil mass in each zone can be computed . Total soil mass is
a necessa ry ingredient in the pesticide adsorption/desorption reactions and
nutrient transformations . The vertical soil zones simulated in the ARM
model include the surface, uppe r, lower and groundwater zones. The depths
of the surface and upper soil zones are specified by the model inpu t
parameters, and are generally 2 - 8 mm and 75 - 150 mm , respective ly. The
upper zone depth corresponds to the depth of the incorporation of
soil-incorporated chemicals.
The transport and vertical movement of pesticides and nutrients, as
conceived in the ARM model, is indicated in Figure 5. Pollutant
contributions to the stream can occur from the surface zone, the upper
zone , and the groundwater zone. Surface runoff is the major transport
mechanism carrying dissolved chemicals, pesticide particles, sediment, and
adsorbed chemicals. The interflow component of runoff can transport
dissolved pesticides or nutrients occurring in the upper zone. Vertical
chemical movement is the result of infiltrating and percolating water.
From all the zones , uptake and transformation of nutrients and degradation
of pesticides is allowed. The groundwater zone is however, considered a
sink for deep percolating chemicals.
b) Chemicals Runoff and Erosion from A ricultural Mana ement S stems:
the CREAMS model.
Kn isel (1982) has reported on the CREAMS model which also considers
the effects of ag ricultural non-point sou rce pollution and includes a
consideration of pesticide modelling. The mode l was designed for
field-size areas and was physically based , not requiring calibration.
Also , input data requirements were restricted to readily available or
easily measurab le information. Thus, the adopted system for the evaluation
of non-point sou rce pollution in CREAMS , is shown in Figure 6 . CREAMS is a
state of the art field-scale model for evaluating response from alternative
agricu ltural management practices. Also , the model can he used to deve lop
resource conservation practices , however, it is not a predictive model in
absolute quantities, but it provides estimates of the relative response
among different management practices .
It has three ma jor components (prog rams): hydro logy , erosion , and
chemistry . Each operates separately , and generates information to be used
w ith the next component.
C.
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account for a large proportion (about half) of total sales , and OC
pesticides use has given way to increasing use of OPs and Pyrethroids. The
main mechanisms of transport were spray drift (as much as 75% loss from
target areas depending on climatic conditions) and surface runoff. The
types and amounts of pesticides transported in runoff depended on :
(1) Frequency and rates of application
(2) Application methods e .g. foliar, soil incorporation.
(3) The persistence, volatility and mobility of the compounds
(4) The intensity and duration of runoff events
(5) Elapsed time between applications and storm events.
The amounts of surface runoff inputs in agricultural lands we re
assessed for a range of catchments and agricultural land uses (Carman and
Sutherland, 1983). Total exports of DDT , Dieldrin and Linuran ranged from
0 .004% to 0 .006% , 0 .035 % to 0 .31% and 0 .02% to 0 .03% respective ly . The
results of this AWRC study we re thus consistent with , although generally
much lower than , the working limits for losses suggested by Wauchope (1978)
on the basis of U.S. studies:
(i) Average losses of 1% for foliage applied OC insecticides
(ii) Losses of 2% - 5% for wettable powder-formulated herbicides (e.g .
atrazine and Limu ran).
(iii) Losses of 0 .5% for non OC insecticides , incorporated insecticides
and a ll other he rbicides.
Of course significantly higher losses may occur in particular circumstances
such as an intensive storm immediate ly after treatment.
The effects of pesticide runoff on receiving waters were also
investigated. Maximum concentrations of DDT were lowe r than the
recommended drinking water limit (1 pg/1), except for storm runoff and
drainage flows from some intensive agricultural areas . However DDT
concentrations did  exceed  the criterion for the protection of aquatic life
(0 .001 pg/l) in ahout 10% of samples , by up to 3 times. Maximum
concentration oE dieldrin tended to be highe r than for DDT , but below their
drink ing water Limit (1 pg/l) except in storm flows from cultivated lands.
Dieldrin was also detected in a significant percentage of samples (up to
50%). Mean concentrations exceeded the criterion for protection of aquatic
life by up to 2 times.
OM  Pesticide pollution in runoff in the U.S. and Canada
Weber, Shea and Strek (1980 ) have eva luated nonpoint sources of
pesticide pollution in runoff in the U.S. Firstly, they evaluated the
pesticide runoff found during seasonal or long-term studies. Generally ,
the loss of pesticides in runoff was found to be relatively low , averaging
2.39% for atrazine , 0 .54% for Cyanazine , 1.33% for Simazine, 0 .33% for
2,4-D , 1.08% for Carbofuran, 0 .12% for Linuran, 0 .36% for Toxaphene and
0 .22% for Trifluralin, for examp le. The highest amount of runoff from any
one pesticide was 15.9% of the total applied for atrazine. The next
highest losses were 7.2, 6.1, 5.7, 5.7 , 5.4 , 5.4 and 5.1 percentages for
diphenamid, propazine, terhuthylazine , atrazine , atrazine , simazine , and
atrazine , respectively. Hence, the highest losses were from the wettable
powder formulations , especially when they are applied to the soil surface.
Higher losses also occurred from hare soil cover.
Secondly , maximum concentrations found during short-term runoff
studies were evaluated. The maximum pesticide concentrations found in
runoff sediment were 40 , 30, 21.8 , 13, 12 , and 11 ppm for arsenic acid ,
terbuthylazine , propazine, fluometuron, die ldrin and atrazine ,
respectively. The highest concentrations found in the solution and
sediment phase we re 5.2 , 4.8 , 4 .7, 4 .2, and 4.2 ppm for picloram, dicamba ,
atrazine, 2 ,4-D salt, and pic loram, respectively .
Numerous case studies of pesticide losses in individua l catchmen ts in
No rth America also exist. For examp le, Nicholaichuk and Grover (1983)
looked at the losses of 2,4-D applied to wheat in South Western
Saskatchewan. The loss was greater from the treated stubble compared with
fallow , wh ich served as a control. Average losses were 4.1% of the amount
applied and correlation analysis showed the amount of loss to be a function
of runoff. Hence , a simple correlation of runoff volume and losses from an
application rate of 0 .42 kg/ha for the 6-year pe riod resulted in the
following equation:
Y = 0 .45 X -2.3 (r2 = 0 .96)
where Y = herbicide loss (g/ha), and X = runoff vo lume (mm ). Howeve r, the
•C•
average flow—weighted mean concentration of 31 pg/1 was well below the
USEPA maximum perm issible level of 100 kg/1.
Finally, in the U.S., Wu , Correl and Remenapp (1983) have recently
investigated herbicide losses in runoff from experimental watersheds in the
Rhode River region of Maryland . Both atrazine and alachlor (herbices used
in cornfie lds) were investigated. Although alachlor was applied in grea ter
quantities , atrazine was detected more frequently in runoff waters and at
greater concentrations than alachlor (0 .40 pg/1 vs 0 .6 pg/l). Atrazine was
also more persistent and more mobile in watershed soils. Lastly , a ma jor
portion of atrazine was found in dissolved aqueous form in runoff samples
collected during storms, with percolation in subsurface flow and
dissolution in overland flow believed to he the important transport
mechan isms.
1.7 A U .K .  Wate r Au thority Pe rspective
Initial indications of the respective water authorities perspective of
any pesticide pollution problem in the UK have heen assessed based on the ir
response to a letter sent from the authors . To date , the Welsh Water
Authority has indicated the existence of localised problems in connection
with sheep dipping and aerial spraying of bracken , (Buckley , pers comm i
1985). Severn Trent W .A . have also indicated the existence of some
problems , especially in connection with herbicide usage. However, most
detailed responses have arisen from meetings arranged with Thames ,
Yorksh ire and Ang Lian water authorities.
(a) Thames W .A .
The major prohlem seems apparent rather than real and has been created
by the blanket application of the EEC guidelines on drinking water, which
calls for a maximum permissible concentration of 500 ng/1 for tota l 
pesticides and 100 pg/1 for individual pesticides , after treatment. In the
case of the Thames W .A ., concentrations of the herbicides simazine and
atrazine in the river water used for supply , exceed the individual limits.
The autho rity favou rs a change in the app lication of the limits , rather
than treatment of its waters for compliance. In addition, the actual 
sou rce of these two herbicides is unknown , although it is likely to be
agricultural. However, other pesticide sources in the area include power
station coo ling waters treated with algac ides and hactericides and pape r
mill discharges. Some concern about more localised pollution was  also
expressed in connection with the aerial spraying of oil-seed rape and
potatoes , in particular .
(b) Yorkshire W .A .
In Yorkshire , the major concern lies with pesticide residues in
non-water supply rivers (Edwards , pers comm 1985). In particular, the
discharge of textile industry effluents into sewage wo rks . Such industry
commonly uses dieldrin , lindane and some pyrethroids for moth proofing. Of
most concern are the levels of lindane (HCH containing 99 percent gamma
isomer, an OC insecticide) which often exceed the EEC limit in affected
rivers by two or three times . Lindane is used mostly by the wool textile
industry to treat incoming fleeces.
Apart from the problems experienced in the industrialised sou th of the
Y .W.A . area, some pesticide pollution of a localised nature is also in
evidnce in the rural north, wh ich provides most of the water supply.
However, most of these problems involve spillages, for example, of diquat
into the River Calder.
(c) Anglian W .A .
To date, Ang lian W .A, has produced the most informative assessment of
herbicide pollution at least (Croll, 1984). In 1982, the authority
initiated a survey of all its water resources and included in it, ana lysis
for a numbe r of common herbicides, notably MCPA , Mecoprop , MCP8 , 2,4-D,
atrazine and simazine. Up to September 1984 concentrations of Mecroprop
we re found ranging from 0.2 to 2.7 ug/1 in surface waters and 0 .2 to 0.4
pg/1 in groundwaters. MCPA was detected less frequently than mecoprop in
surface wate rs (0 .2 to 2.3 pg/1) on ly . Also, 2,4-D was  detected  less
frequently than either of the above in surface waters at leve ls of 0 .2 to
2.5 pg/1 and in underground waters at 0 .2 to 2.5 pg/1. Meanwhile , atrazine
was found in almost all surface waters at concentrations of 0 .2 to 1.4
pg/1, but less frequently in groundwaters (0.2 to 0.5 pg/1). Croll (1984)
concluded that it was more likely that its presence at most points arose
from total weed control on railway embankments, roadsides and industrial
areas , rather than an agricultural use. Lastly , while simazine was
de tected at most sites where atrazine was found. Leve ls were generally
on ly 25% of those of atrazine. Although the concentrations detected are
C.
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FIGURE 5 Pesticide and nutrient movement in the ARM model
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F IGURE 6 System for eva Luation nonpoint-source pollution .
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I .
oThe hydrology component estimates the water balance elements with
options for calculating direct runoff. One option requires daily rainfall,
the other, hourly or intensity data and uses an infiltration equation to
partition rainfall into infiltration and direct runo ff. The hyd rology
component calculates storm runoff volume and peak rate, storm rainfall
energy , percolation, and soil water accretions for each storm event.
Between storm events, evaporation , transpiration, percolation , and soil
water content are calculated.
The erosion component calculates rill and interrill erosion , transport
and deposition for any shape of overland flow profile. Sediment transport
from overland flow is inputted to the concentrated-flow area or channel.
Sediment yield at the field edge and sediment enrichment ratios , based on
particle-size distribution, are calculated for use in the chemistry
component.
The chemistry component considers both plant nu trients and
pesticides. It calculates water and sediment fractions of pesticide load
for the field. Fo liar applied, soil-surface applied , and soil incorporated
pesticides are considered. Mu ltiple applications can also be simulated .
Nutter et al (1984 ) have simulated herbicide concentrations in
stormflow from small forested watersheds using the CREAMS breakpoint
hydrology and pesticide options. CREAMS accurately predicted hexazinone
concentrations (a triazine herbicide) in the initial stormf low , but
underestimated concentrations in stormflow two months or mo re after the
application. In addition , the daily rainfall option of CREAMS was used to
evaluate the relative risk of hromacil, picloram , dicamba , and triclopyr,
as well as hexazinone , appea ring in stormflow , following their
application . The model predicted the following order of potentia l residue
appearance in stormflow : hromacil triclopyr hexazinone picloram
dicamba. In general, hexazinone losses averaged 0 .53 percent of that
applied. The underestimates for hexazinone after the first 75 days may
have been Hue to a change in the source of the pesticide during stormflow
(Nu tter et al, 1984). Clearly the current version of CREAMS which does not
account for subsurface movement, tends to underpredict concentrations which
may be influenced by subsurface interflow .
c) A Sim le Pesticide Runoff Model (Haith 1980)
Although runoff is not the only pesticide transport mechanism, it may
in many situations be the most significant pathway for entry to aquatic
systems. Data from field studies provide a valuable means of estimating
losses in runoff. However, these losses are influenced by many factors in
endless combinations . Hence , the principal methods available for site and
pesticide specific analyses of pesticide runoff are likely to be
mathematical mode ls.
There appea rs to be a need for a relatively simple pesticide runoff
model which can be used to evaluate lossses for a wide range of field
conditions and pesticide characteristics (Haith , 1980). The model proposed
is based on commonly used methods of runoff and soil loss prediction ,
employing mass balance considerations of the surface 1 cm of soil. Below
this depth , the pesticide is considered unavailab le for runoff loss.
Pesticide levels in the soil are also considered to decay exponentially
w ith time. Meanwhile, total pesticide can be divided into adsorbed
(solid-phase) and dissolved forms. The model can also allow for rainstorms
subsequent to the first storm. To complete the pesticide runoff model,
runoff and soil is also predicted, and is based partly on a modified
Universal Soil Loss Equation (USLE) used to estimate soil loss from any
rainfa ll event.
The mode l was tested (Haith, 1980) using data for atrazine losses for
two sma ll watersheds in Watkinsville , Georgia, applied as a su rface spray
to loosely tilled soil. Predicted and measured runoff, sediment, and
atrazine losses for runoff-producing storms were presented. The accu racy
of predictions varied among events show ing that the model is not a suitable
means of predicting losses from a single isolated storm. Howeve r, an
estimation of average or seasonal losses are predicted fairly well. The
total dissolved losses are more accurately pred icted than so lid-phase
(adsorbed) Losses.
d) An evaluation of some available pesticide runoff loading models.
Lo rber and Mulkey (1982) tested three runoff mode ls: ARM , Continuous
Pesticide Simu lation (CPS) and CREAMS, comparing them for their abilities
to predict the movement of toxaphene and atraz ine, using watershed stud ies
in the M ississippi delta region. All the mode ls accurately reproduced
t
field data. For the CPS and ARM models, predictions of total erosion
differed from observations by 6%, whereas CREAMS underpredicted erosion by
25%. Model predictions of total runoff differed from field observations hy
15% or less . All models were within 10% of observations of overland
toxaphene loss predictions but their predictions of peak events did
differ. ARM could predict higher losses of soluble chemicals than the
other two , due to its unique interflow component. Similarly , CREAMS
estimation of sediment enrichment resulted in highe r toxaphene loss
predictions than the other two.
1.9 Conclusion
Pesticide usage continues to increase in the U .K . so that concern with
the possible effects on river catchments, especially on wa ter quality will
also continue. While the move away from the more pe rsistent organochlorine
pesticides is to be welcomed, the increasingly large quantities of OP's ,
pyrethroids and carbamates being applied need careful investigation with
regard to their possible residue levels to be found in British rivers.
He rbicides probably represent the area of most concern since their tota l
applications dominate pesticide usage in the U .K., aerially and
quantitatively.
Many factors influence the behaviour and fate of pesticides after
contact with soil, including such factors as adsorption, leaching,
volatilisation , erosion , microbial degradation , chemical degradation and
hyd rolysis. A ll of the above a re in part dependent on soil characteristics
as well as the chemical characteristics of the pesticide. Moreover, soil
erosion in agricultura l areas is a major process contributing pesticides to
the aquatic environment. Other sources , however, include industrial and
sewage effluent and accidental spillages . All of these factors and sources
need to be taken into conside ration in any general study of pesticides in
catchments , and in any mode lling exercise.
More specifically with regard to pesticides in rivers, the present
E.E .C . drinking water standards appear hopeless ly misguided and open to
disregard since a global standard of 0 .5 ug /1 for the total pesticides
present takes no account of the toxic natu re of individual compounds .
Certainly , this is the view of Thames W .A .
Recent studies both in Austra lia and North America, meanwhile , seem to
indicate that the actua l losses of pestic ide ra rely exceed 5% of the tota l,
applied, and as such are not alarming. However, what is of concern is the
nature of the individual pesticide concentrations reach ing rivers and their
possible toxic effects on aquatic fauna. Clearly , storms following recent
applications of pesticides represent the main period of concern since the
changeover to less persistent pesticides .
The present water authority perspective on the possible pollution
problems represented by pesticides varies . Thames W.A . experience
-apparent" problems with the herbicides atrazine and simazine in relation
to the levels present in supply waters. Yorkshire W.A ., however,
experience more urgent problems based on the industrial discharges of
lindane in particular, from textiles maanu facturers, while Anglian W.A .
have some evidence of elevated atrazine levels, probably due to
indiscriminate urban usage.
Finally , with regard to the possibility of modelling pesticide
movement within catchments, work in the U .S . suggests its feasilbility.
Certainly , the ARM and CREAM mode ls offer good examples , although they both
have obvious limitations . All such models require hydrology , erosion and
chemical components , if they are to successfully model pesticide losses.
Da ta inputs to them also require in many instances, detailed field
observations and careful calibration and validation. Such procedures would
thus also be necessary for any mode l derived by the authors for the British
context. It is hoped that the feasibility of designing such a model can be
fu lly assessed hy the end of the present contract .
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